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2008   II   III 
RESPONSE TO EXAMINERS 
 
Examiner 1 
Comment:  
Merge the write up of separate objectives (a and b) within chapters 3, 4 and 5 to reduce repetition, improve 
the introduction and the rationale for the study, presentation of results, their discussion and conclusion. There 
is repetition/duplication of some data - in particular live weight results.  
  
Response:  
Prior to the preparation of this thesis much discussion and consideration was given to the format of chapters. 
It was decided to separate the biochemical data from the growth performance and carcass data and write these 
up as separate sections because the volume of data collected within each experiment was large. I was of the 
view that combining all aspects of data within a chapter would result in a large amount of information and 
therefore require extremely lengthy description and discussion. Therefore the decision was made to leave the 
experimental data separated into two sections within each chapter. This format was not intended to give the 
perception that there were more experiments than actually conducted and that is why the written sections for 
each experiment fall within the same chapters. The scientific papers prepared from the experiments in this 
thesis will be written as accompanying papers in two parts, biochemical data and growth/carcass data. In 
order  improve  the  clarity  of  the  format the  experiments the  following  has been  included in the  General 
Introduction. “Due to the large amount of data collected each of the experiments is separated into two 
sections: (i) presentation and discussion of the biochemical measures, and (ii) presentation and discussion of 
growth performance and carcass data.” It is also necessary to retain a short introduction and discussion for 
the entire experimental chapter in order to link the biochemical and growth/carcass data. Description and 
discussion, particularly in the Experimental part b sections were further refined to reduce repetition. The 
examiner highlighted the repetition of live weight data in experimental parts a and b. It was necessary to 
present a summary of growth results in the ‘experiment a’ sections to allow the basic relationships with 
biochemical data and growth data to be addressed immediately, however a more thorough presentation of live 
weight results occurs in the ‘experiment b’ sections as this is where the data is analysed and discussed fully.  
 
Comment:  
1)   Avoid over-interpretations of results, particularly where discussion relies heavily on trends rather 
than  significance.  This  thesis  would  greatly  benefit  from  recognition  of  inconclusive  results  rather  than 
speculative and lengthy discussion. A non significant result is just as important as one that is significant and it 
is not always necessary to provide lengthy justification in each case. 
2)  Planning of the research may have been assisted by testing primary hypotheses at the beginning of 
the program of study by a large scale field study(ies) comparing the pig performance and carcass quality 
between conventional and deep litter systems. If this had questioned the validity of the primary hypothesis 
concerning housing and fatness, which in itself originated from perception and anecdotal evidence, then the 
research effort could have been redirected elsewhere. 
 
Response: 
1)   To address the examiner’s concern about over interpretation of results the discussion of results where 
trends  have  been included has  been  condensed  substantially,  and the  emphasis  on  these  results  reduced. 
Where trends are referred to the actual P-values have been included in the text. It is understood that the 
traditional use of the P=0.05 as the cut-off point for statistical significance shows that data provides good 
evidence that there is a true difference from zero (Curran-Everett and Benos, 2004) and avoids treatment 
effects being reported that do not actually exist. Values between P=0.05 and P=0.100 however suggest there 
may be a true difference from zero (Curran-Everett and Benos, 2004). Morris (1999) supports this view in 
part by suggesting that P values close to 0.05 show that the treatment difference was not significant from zero, 
but  it  is  also  not  significantly  different  from  the  expected  response  at  P≤0.05.  Trends  in  pig  growth 
performance and carcass data published in scientific journals have recognised P<0.1 as sufficient to indicate 
trends and differences between treatments that are important to the information gained from the studies (Stahl 
and Berg, 2002; Carlson et al. 2004). In addition, guidelines for reporting the results of statistical analysis in 
some scientific journals indicate that trends in data can be considered in the interpretation of results (Fukuda 
and Ohashi, 1997 - Japanese Journal of Clinical Oncology; Curran-Everett and Benos, 2004 – Journal of   IV 
Applied  Physiology;  Robinson  et  al.,  2006  -  Animal  Feed  Science  and  Technology)  as  although  not 
statistically significant the results may be biologically significant. In this dissertation the identification of 
trends and their inclusion in discussion is justified as they contribute to the information gained from this thesis 
and indicate areas where further investigation may be required in order to determine whether the differences 
are real. 
 2)   Initially it was proposed that the first component of this research program would be to conduct a data 
review comparing growth performance and carcass quality data from commercial pig production units. It is 
common  for  producers  to  apply  management  strategies,  such  as  the  use  of  metabolic  modifiers  or  the 
movement  of  pigs  from  deep-litter  systems  into  conventional  housing  systems  for  finishing,  in  order  to 
manage backfat thickness and growth performance. Collecting commercial data to determine the true effect of 
housing on growth performance and carcass composition would be very difficult. Conducting large-scale field 
trials would require the use of commercial facilities and, in addition to the economic and time constraints of a 
PhD research program, there would be an understandable reluctance by producers to cease some of their 
additional  growth  performance  and  backfat  management  practices.  However  it  was  determined  that  the 
significant number of studies from Australia and overseas, referred to in the literature review (p44), indicate 
that outdoor and deep-litter housed pigs often had higher food intake, thicker backfat and were less efficient 
than pigs raised in conventional production systems. Therefore, this was considered to be sufficient evidence 
that deep-litter housed pigs were often less efficient and could be fatter than conventionally raised pigs.  
 
Comment:    
1)   An explanation is needed for the use of only female pigs in the study. The results are applicable to 
only 50% of the slaughter generation unless the candidate can provide evidence that the responses measured 
would be independent of sex (Female, male, castrate).  
2)   Assurance is required that the conditions in which pigs were housed reflected industry practice and 
the removal of pigs for serial slaughter did not result in pen and social dynamics which were significantly 
different to those under commercial production. A table of changes in space allowance with age/ weight/pigs 
per pen for each study against recommended allowances would have been useful.  
 
Response: 
1)  Variability in carcass fat distribution, specifically in relation to fat composition of pork belly primals, 
is  a  current  industry  issue  that  was  identified  through  the  export  of  pork  carcasses  to  Asian  markets. 
Australia’s primary export market, Singapore, will only accept carcasses from female and surgically castrated 
pigs. The surgical castration of entire male pigs was not common within Australian pig herds when I began 
my PhD, and therefore the overwhelming majority of carcasses being exported were from female pigs. Since 
this  time  the  percentage  of  castrated  male  pigs  has  increased,  however  the  majority  of  these  pigs  are 
immunocastrated and, as such, are not accepted by Asian markets and therefore carcasses from female pigs 
still remain as the majority exported. I agree with the examiner that the propensity for fat deposition and the 
pattern in which fat is deposited and mobilised differs between different sexes of pigs. Several recently 
published papers present the effects of housing and environment on growth performance and carcass quality 
of pigs of one sex (Gentry et al., 2002a; Gentry et al., 2002c; Gentry et al., 2004; Morrison et al., 2003). In 
addition, work focussing on biochemical aspects of pig adipose tissue, such as investigating tissue fatty acid 
composition and/or adipose tissue metabolism, has also involved pigs of one sex (Etherton et al., 1981; 
Kramer et al., 1993; Harris et al., 1993; Ostrowska et al., 2003).  
 
2)  The housing facilities of the experimental pigs reflected commercial facilities, however the removal 
of pigs from within the pen over a number of weeks during the serial slaughter (experiment 1) does not 
strictly reflect commercial practice. In a commercial production system pigs may all be marketed at once or, 
as commonly practiced in deep-litter production systems, they may be marketed over several weeks. In the 
experiment the removal of pigs during the serial slaughter would have affected the pen dynamics, however in 
order to account for any pen effects on growth and development a decision was made to randomly identify a 
pig from each pen for each slaughter date, rather than select a whole pen of pigs for each slaughter. There 
have seen several serial slaughter experiments reported where pigs were removed at each slaughter point from 
the same pen (Wagner et al., 1999; Möhn et al. 2000; Whang et al., 2000). Often, serial slaughter experiments 
are conducted with individually housed pigs (Gu et al., 1992; Kouba et al., 1999; Noblet et al., 1999; de 
Lange et al., 2001) that, for grower finisher pigs, is also not considered as industry practice.   
   V 
As requested by the examiner a table showing pen space allowance for pigs during each experiment and the 
recommended minimum space allowances (Model Code of practice for the welfare of animals - pigs, 2007) 
has been incorporated into Appendix 3 of the thesis. As the space allowances are in excess of the minimum 
standards it is felt that it is not necessary to incorporate and discuss this information within the body of the 
thesis. 
 
Comment:   
1)  Is the use of ANOVA and pair-wise comparison of means by two sample T test appropriate to 
analyse growth response data in Experiment 1?  
2)  The use of age as a treatment factor in a factorial design (Experiment 1) and the risk of a Type I 
statistical error (Especially experiment 1b with 9 slaughter ages and therefore 18 “treatments”).  
3)  Considerable use has been made of simple correlation analyses and it is not clear how these have 
been derived. The value of simple correlation is questionable where sample size is small and only provides a 
general indication of direction and strength of a relationship. Simple correlation should be taken as a first step 
statistical investigation and should not form the body of the results of a thesis. 
 
Response: 
1)  There are a number of ways in which growth response data can be analysed. ANOVA and pair-wise 
comparisons have been used previously by Beattie et al. (1996) and Kouba and Mourot (1999). However 
General Linear Model procedures are more commonly used in analysis of growth data (Kerr et al., 1995; 
Ramaekers et al., 1996; Mooney and Cromwell, 1999; Szabó et al., 2001; Wood et al., 2004; Lebret et al., 
2006), therefore the live weight and average daily gain data from experiment 1a/b were reanalysed using the 
GLM  procedure  of  Genstat  appropriate  for the  experimental  design  with  block  (pen/group)  and  housing 
included in the model. The output from this reanalysis gave similar results to those generated previously, 
therefore results and conclusions have remained the same.  
2)   The risk of Type I errors is only increased when all paired comparisons are made for a factor with a 
large number of levels.  In this case paired comparisons have not been made between ages at all but between 
housing types for each age group, i.e. nine comparisons in total (rather than 153 comparisons between all 
pairs of 18 treatments). 
3)  After consideration of the Examiner’s comments about the value of correlation analyses to the thesis 
the correlation data and related discussion presented within each experimental chapter have been removed, as 
the results were inconsistent and therefore inconclusive within and between experiments and did not add 
information to the thesis. However there was still a need to make comparisons between some of the measures, 
therefore simple regression analyses were conducted and the results discussed briefly. The conclusions drawn 
from the new analysis did not differ from those presented originally, with the exception of the relationship 
between the measure of P2 backfat thickness and percent carcass fat. It was suggested by Examiner 3 that 
differences between age  groups needed to be considered when relating different data sets. Simple linear 
regressions, grouped by slaughter age, were conducted and it was found that within each experiment, P2 was 
a reasonable predictor of carcass composition (in the original thesis the data were correlated across age groups 
and the relationship was poor). However as reported in the original thesis, when data from pigs of the same 
age were pooled from each experiment then P2 was a poor predictor of carcass composition, and hence 
discussion of this issue in the General Discussion chapter was not altered. It was still concluded that even 
though P2 is still our best single measure of carcass composition, its reliability to predict carcass composition 
can be variable.   
   VI 
Examiner 2 
Comment:  
The large amount of time, effort and investment in this research has been compromised by unacceptable 
experimental design. The research presented as experiments 1a and 1b is confounded by pseudo replication. 
…Pigs in the conventional treatments were stratified into 8 groups each of which was allocated to a pen 
(n=8). Pigs in the deep-litter housing treatment were stratified by weight into 9 groups with 4 pigs per group 
randomly allocated to each slaughter interval, then housed in one pen. As pen type is the treatment effect and 
individual pigs within the pen were not treated separately n=1. The pigs selected from the groups cannot be 
replicates… The candidate needs to address this issue and in the absence of repeating experiments 1a and 1b, 
needs to document what has occurred, how this may have affected the results and how this may compromise 
the interpretation.  
 
Response:  
Before undertaking Experiment 1 I was fully aware that the design was less than perfect because the housing 
systems were not replicated.  I believe this is the underlying problem Examiner 2 has referred to as pseudo-
replication. I have added text to the statistical analysis section to explain the reason for, and the limitations of, 
this shortcoming. The reasons for the choice of experimental design were several. First, it was simply not 
possible to subdivide the deep-litter pen measuring 250 m
2 because of the physical nature of the building. 
These  are  buildings  that  contain  no  internal  partitions.  This  is  the  situation  under  commercial  farming 
conditions, so that is what I used to examine my hypotheses. Second, it was not possible to use additional 
deep-litter ‘pens’, which is the examiner’s suggestion, because (a) they did not exist at the research facility, 
and (b) at a cost of around $20,000 each to build, using a separate deep-litter ‘pen’ as a single replicate was 
out of the question. Third, the alternative, to reuse the same deep-litter ‘pen’ to build up the number of 
replicates needed for equivalence to the number of replicates used in the conventional housing system in this 
experiment, would have taken about 4 years to complete. This is based on an average of 24 weeks for pigs to 
grow out fully during the experiment for the 8 experimental treatments used.  
 
There are examples of similar experimental designs published in refereed scientific journals to support my 
choice of experimental design. For example, the study of Bee et al. (2004; Free-range rearing of pigs during 
winter: adaptations in muscle fibre characteristics and effects on adipose tissue composition and meat quality 
traits. Journal of Animal Science 82 (1206-1218) involved two treatments – pigs reared indoors vs. reared 
outdoors. Twenty pigs were reared indoors in individual pens and 20 pigs were reared outdoors in one pasture 
paddock.  Analysis  of  growth  performance,  carcass  composition,  fatty  acid  profile,  muscle  metabolic 
characters and meat quality data were presented.  
 
In addition, Högberg et al., (2001; Effect of rearing system on muscle lipids of gilts and castrated male pigs. 
Meat Science 58: 223-229) did an experiment with 60 pigs raised indoors in a single pen vs. 60 pigs raised 
outdoors in a single paddock. Pig was the experimental unit for the analysis of tissue fatty acid composition.  
Also, Nilzén et al. (2001: Free range rearing of pigs with access to pasture grazing – affect on fatty acid 
composition and lipid oxidation products. Meat Science 58: 267-275) conducted an experiment with 60 pigs 
raised indoors in one large pen versus 60 pigs reared outdoors in a paddock to compare the effect of indoor or 
free range rearing on fatty acid composition of tissue.   
 
The following text was added to the description of the statistical analysis in 3.2.2.5 and 3.3.2.5: “It should be 
noted that since there was no replication of the housing systems due to the cost of additional facilities, any 
difference due to housing can only be attributed to the particular conventional and deep litter housing used.  
Any generalisation to all conventional and deep litter housing is dependent on the assumption that there will 
be little or no difference between housing of the same type.”   
 
My statistical advisor has indicated that there is not a problem with the presence of pens for conventional 
housing and an absence of pens for deep litter housing as long as the pen effects are included as random 
effects in the initial statistical model. If the pen variance is not significant it can be removed from the final 
model leaving pig as the experimental unit.  It is commonly seen in published scientific papers that when 
experiments are conducted with group housed pigs, pig is the experimental unit for the analysis of: 
    VII 
Carcass  measures:  Enfält  et  al., 1993  Animal  Production  57:  127-135;  Cannon  et  al.,  1996  Journal  of 
Animal Science 74:98-105; Piedrafita et al., 2001 Meat Science, 57: 71-77; Gentry et al., 2002b Journal of 
Animal Science 80 1781-1790 
Carcass composition data: Kramer et al., 1993, Journal of Animal Science 71: 2066-2072; Whang et al., 
2000 Journal of Animal Science 78 2885-2895  
Fatty acid profiles in tissue: Kramer et al., 1993, Journal of Animal Science 71: 2066-2072; Nilzén et al., 
2001 Meat Science 58 267-275; Piedrafita et al., 2001 Meat Science, 57: 71-77 
Plasma metabolites: Hicks et al., 1998, Journal of Animal Science 76: 474-483; Carlson et al., 2004 Journal 
of Animal Science 82 1359-1366 
Lipogenic enzymes: Kramer et al., 1993, Journal of Animal Science 71: 2066-2072 
Pork quality assessment: Fabry et al., 1991 Journal of Animal Science 69:4007-4018; Cannon et al., 1996 
Journal of Animal Science 74:98-105; Piedrafita et al., 2001 Meat Science, 57: 71-77; Gentry et al., 2002b 
Journal of Animal Science 80 1781-1790. 
 
Comment:  
Pseudo replication is also evident in experiments 2a/b and 3a/b, but in these cases there has been some 
replication on a pen basis and the data can be salvaged. While the statistical power may be reduced using the 
pen as the replicate these experiments need to be re-analysed statistically and the interpretation reviewed 
accordingly.   
 
Response: 
Growth performance data were analysed on a pen basis. Within experiment 3a/3b all the pens were identical 
within the housing treatment, with the exception of the floor treatment applied. All things considered, four 
pens per treatment were considered sufficient to indicate effects on growth performance and using the ‘pig’ as 
the experimental unit was suitable for the analysis of biochemical, carcass and meat quality data (see response 
to previous comment).  
 
Comment (Literature Review): 
1)  The candidate has demonstrated sufficient familiarity and understanding of the relevant literature, 
however, the examiner found the review to be poorly structured, disjointed and lacking flow. The review 
should  have  commenced  with  section  1.5  and  then  used  presented  literature  to  support  the  basic  thesis 
hypothesis. Without understanding the issues associated with the various production systems the sections 
preceding 1.5 read more like a text book. 
2)  Page 40 – The definition of the DL and C housing systems are very general and do not necessarily 
reflect all commercial DL and C Systems. 
 
Response: 
1)  Significant  time  was  spent  determining  the  structure  and  order  of  sections  within  the  literature 
review. It is felt the structure takes the reader through a logical series of topics. The structure of the review 
and the reasoning behind this structure is as follows: 
a.  1.2  Why  fat  is  important  to  the  pig  industry  (To  highlight  why  the  research  program 
investigated fat deposition in the pig and identify the current industry issue of variability in 
carcass fat distribution) 
b.  1.3 The role of adipose and lipids to the animal (Discussion of fat metabolism in the pig)  
c.  1.4 Factors that affect fat deposition (Discusses fat tissue development in the pig and how 
external factors e.g. nutrition, temperature can influence fat deposition and distribution) 
d.  1.5 Pig production systems (Discusses how pig growth performance and carcass quality 
differs between different production systems and how specific environmental differences 
between  conventional  and  deep-litter  housing  systems  may  affect  fat  deposition  and 
distribution.)   
e.  1.6 Conclusion and Hypotheses (That growth differs between pigs housed in conventional 
and deep-litter housing systems and how this is likely to affect fat deposition and contribute 
to variability in the distribution of carcass fat.) 
   VIII 
2)  It is felt that within the paragraph defining DL and C housing systems, it has been recognised that the 
definitions  are  general  and  derivatives  of  these  housing  systems  are  commonly  used  in  Australian  pig 
production.  
 
Comment (Methods): 
1)  While the age of the pig was taken to 24 weeks of age to pre-empt a move to heavier carcasses, this 
may significantly influence the carcass fat levels and the relevance of the results. 
2)  This entire section (Meat Quality methods) is somewhat redundant given that most of the methods 
could  be  covered  adequately  by  referral  to  a  single  published  reference,  and  given  that  much  of  the 
description is repeated in each experimental chapter. 
 
Response: 
1)  It is agreed that taking pigs to heavier live weights does influence carcass fat levels, and it was 
identified that fat accretion accelerated in pigs housed in both systems around 24 weeks of age. However I 
disagree with the examiner that collecting data from pigs at this age has mitigated the relevance of the results. 
Across the experiments the average live weight of the pigs slaughtered at 24 weeks of age was ~119 kg 
which, in comparison with current slaughter weights (~105 kg LW), is a realistic weight to which the industry 
may increase slaughter weights to. In addition, pigs slaughtered overseas, e.g. USA, The Netherlands, are 
currently slaughtered at heavier weights, therefore the performance of Australian bred pigs with overseas 
genotypes can be compared if required.  
2)  Finding  methodology  described  in  adequate  detail  within  scientific  journal  publications  can  be 
difficult, therefore it was decided within this thesis to provide a thorough description of methods. Repetition, 
particularly  related  to  the  measurement  of  technological pork  quality  as  indicated  by  the  examiner,  was 
reduced in subsequent chapters.  
 
 
 
Examiner 3 
Comment (Literature Review): 
1)  This is a comprehensive, thorough and well-balanced review. However information on the impact of 
pathogens on nutrient utilisation and partitioning is missing. Some reference to the work of Williams and 
Stahly (early 90’s) showing that exposure to pathogens – immune system stimulation – decrease lean growth 
and increased fat growth when correcting for feed intake levels – seems appropriate. Especially since in the 
discussion of research findings the impact of environment on spleen size is noted and attributed to immune 
system stimulation. 
2)  Some reference may be made to the mathematical representation of fatty acid metabolism in the 
growing pig aimed at predicting fatty acid profiles in pigs (e.g. van Milgen, INRA 06/07) Such an approach 
would be very useful when separating the indirect (via feed intake) and direct effects (activity of enzymes 
such as fatty acid desaturase) of environmental temperatures on fatty acid profiles in different tissues.  
3)  P37.  make  a  comment  about  the  potential  (seasonal)  effects  of  light  on  growth  patterns.  Light 
sensitive hormones have been characterised in pigs (Research of Claus which is mentioned later in the thesis). 
 
Response:  
1)  The series of studies by Williams et al. (1997a, 1997b, 1997c) demonstrated that the level of immune 
system activation within pigs affected the deposition of lean and fat tissue during growth. Pigs with a low 
level of immune system activation had a greater capacity for lean tissue accretion (Williams et al., 1997b) and 
providing dietary protein was not limiting, pigs with low levels of immune system activation were leaner than 
pigs with chronic immune system activation (Williams et al., 1997c). A paragraph discussing the relationship 
between immune system activation and capacity for lean tissue accretion in relation to conventional and deep-
litter housing was included in 1.5.3.3 Straw bedding (p57). 
2)  The papers recommended by the examiner were obtained and studied. Determining the direct and 
indirect effects of environmental temperatures on the fatty acid profiles within different tissues of the pig is an 
interesting  issue  and  if  this  research  program  were  to  be  conducted  again  then  such  analysis  would  be   IX 
included. However, I believe that exploring this information in relation to the experimental results and the 
subsequent analysis and discussion generated will provide a significant amount of new information. Though 
this  analysis  lays  outside  the  scope  of  the  thesis  I  intend  to  further  explore  this  area  when  writing  up 
experimental findings for publication in scientific papers.   
3)  As suggested by the examiner a paragraph was added to 1.4.6. Seasonal variation in growth (p38) to 
discuss the potential effects of seasonal changes in day length on growth and development. It is recognised 
that pigs raised in deep-litter housing have greater exposure to seasonal changes in day length, compared to 
pigs raised in conventional housing which is artificially lit. The benefits of manipulating day length for pigs 
intended for slaughter are unclear and most effects seem to be related to reproductive development (Ntunde et 
al., 1979) however Bruininx et al., (2002) found that increasing day length stimulated daily food intake in 
weaner pigs, leading to higher daily gains.  
 
Comment (General Materials and Methods): 
P  66-67  the  non  linear  relationship  between  acetyl  Co  A  carboxylase  activity  and  the  amount  of  tissue 
homogenate  is  of  concern  when  interpreting  data  across  tissues  and  body  weights.  Will  this  non-linear 
relationship vary with tissue type and the animals’ stage of maturity, and how does the relationship vary when 
more than 150 µl homogenate is used. 
 
Response: 
The dose response curve was conducted to determine an adequate volume of fat tissue homogenate to use in 
the assay to measure the activity of Acetyl  CoA carboxylase, so therefore the assay  was carried on the 
standard subcutaneous fat sample used throughout the enzyme assays. Volumes above 150 µl were not tested 
nor were standard curves determined for fat tissue samples from other animals or fat depots. It was difficult to 
find published data relating to standard curves measuring Acetyl CoA carboxylase activity as most papers 
state that standard curves were prepared but the data were not presented. When a standard dose response 
curve for acetyl CoA carboxylase activity was prepared both the primary non-linear plots were presented as 
were  plots  where  curves  were  linearised  by  log  transformation  (Gregolin  et  al.,  1968,  The  Journal  of 
Biological Chemistry 243 (16): 4236-4245; Lee et al., 2005, The Journal of Biological Chemistry 280 (51): 
41835-41843). Similarly a standard curve measuring activity of fatty acid synthase was prepared and the data 
were transformed by logarithm to provide a linear curve (José et al., 2006, Genetics and Molecular Biology 
29(1): 180-186). Similarly Rathman et al. (2003, Journal of Nutrition, 133: 2119-2124) prepared a standard 
curve for pyruvate carboxylase measurement by transforming enzyme activity by logarithms. Chan (1980, 
European Journal of Physiology 388: 159-164) transformed data by logarithm to plot a linear standard curve 
for the absorption of bicarbonate.  In the current study when the acetyl CoA carboxylase data (absorption of 
bicarbonate) was transformed by natural logarithm the standard curve became linear. The log transformed 
standard curve was added into the General Materials and Methods (Figure 2.2b). 
 
Comment (Experiment 1): 
1)  P82 (and 162, 229) It would be useful to present data on analysed dietary fatty acid contents to assess 
the incorporation of w-3 fatty acids in various tissues.  
2)  p122 2
nd sentence in 3.3.3.3 and elsewhere: the increased fatness in DL pigs at the higher ages, can 
be attributed solely to the final data point, and thus to the fact that DL pigs grew (numerically) faster during 
the last 5 weeks than C pigs. Could it be that the increased fatness in DL pigs can be attributed to increased 
LW at the final age? It would be useful to explore that, by relating fatness to LW or carcass weight than age, 
especially since this increased fatness of DL pigs at the higher ages is receiving considerable attention in the 
discussion (p144, 146, 156). 
 
Response: 
1)  It is agreed that the analysis of the experimental diets for fatty acids would be advantageous however 
with budgetary constraints it was felt that this was not a necessary analysis to conduct. Pigs in the different 
housing treatments in experiment 1 a/b and 2a/b were fed the same diets. Diets differed in experiment 3a/b 
due to the addition of 9% wheat straw to the St+ diet. The base diet for this treatment was the same as that 
used in the control (St-). The fatty acid content of straw is negligible (Ewing, 1997), therefore it is expected 
that the fatty acid profiles of the St+ and St- diets would be similar.    
2)  A decision was made at the beginning of experiment 1 to serial-slaughter pigs on an age basis rather 
than a live weight basis. Serial slaughter by age allowed the pattern of growth and the development of carcass   X 
tissue  of  pigs  raised  in  the  different  housing  systems  to  be  determined.  Dunshea  et  al.  (2005)  recently 
quantified the effects of rearing pigs in deep-litter sheds on intake and carcass composition. The results 
presented for fat tissue gain were determined on an age basis and were not corrected for live weight. Similarly 
White et al. (1995; Journal of Animal Science, 73:738-749) measured the growth and body composition of 
pigs by serial slaughter, based on age, to compare growth and development between different genotypes. Data 
were not corrected for live weight as differences in growth rate, and therefore live weight, at given ages were 
an effect of the genotype being tested. Similarly Experiment 1a/b investigated the effect of two different 
housing systems on pig growth and development. Differences in weight-for-age were a consequence of the 
housing  treatment.  A  statement  identifying  that  the  increased  fatness  in  older  deep-litter  pigs  was  in 
conjunction with higher live weights was added to p 148 and p160.  
 
Comment (Experiment 2) 
1)  It would be of interest to relate feed intake to fatty acid profiles, and even enzyme activities. The 
latter would address the question whether the reduction in  feed intake during the 13 to 24 week period 
contributes to the treatment effects on fatty acid profiles. 
2)  P203 and 216: It is unfortunate that no correlation analyses were conducted between per pen feed 
usage and average pen carcass characteristics”. It appears that unexpected results of increased fatness in CC 
pigs can be attributed largely to the increased feed intake during the 13-24 week period. This implies that the 
impact of housing system on carcass characteristics can be attributed largely to the impact of housing systems 
on feed intake during the pre-slaughter period. 
 
Response: 
1)  Voluntary  food  intake  was  included  as  a  co-variate  in  the  statistical  analyses  of  fatty  acid  and 
enzyme data in backfat and belly fat for 13- and 24-week-old pigs. The inclusion of VFI as a covariate did not 
affect  the  results  on  any  of  the  additional  analyses  and  there  was  no  significant  effect  of  the  covariate 
(P>0.400), with the exception of the ratio of saturated to unsaturated fatty acids (SFA:UFA) in belly fat from 
24-week-old pigs. When VFI between 13-24 weeks of age was included in the analysis as a covariate there 
was a strong trend (P=0.055) for housing during the early growth period to affect SFA:UFA. Belly fat from 
pigs housed in conventional housing from 3-13 weeks of age tended to have a higher ratio of SFA in belly fat 
at 24 weeks of age than pigs that had been housed in the deep-litter housing system.  
2)  Additional data analyses were conducted of the carcass data (e.g. backfat depth, % carcass fat and % 
fat  in  the  belly  primal),  with  voluntary  food  intake  (VFI)  included  as  a  covariate,  after  considering  the 
examiner’s comments. There was no significant effect of VFI as the covariate and the results of the analyses 
did  not  differ  from  the  original  analyses  conducted,  therefore  this  additional  information  has  not  been 
included in the thesis. Effects of VFI on carcass data may have been more evident if VFI for individual pigs 
had been measured, however the facilities used to conduct the research did not allow for this. 
 
Comment (Experiment 3) 
1)  P240: exploring food intake as a co-variable in the statistical analyses of fatty acid profiles in the 
various tissues would support the discussion on feed intake effects on tissue fatty acid profiles. Also, relate 
fatty acid profiles in the different tissues to the amount of belly fat – when discussing experiment 3b. 
2)  Discuss the confounding of straw (barley vs. wheat) with the manner in pigs were provided with 
access to straw (bedding or diet), when comparing treatments St+Bed- and ST-Bed+. 
 
Response 
1)  Additional data analyses were conducted for enzyme, FA profile and carcass data including VFI (for 
the total experimental period, for 8-16 weeks of age or 16-24 weeks of age) as a co-variable. There was no 
effect on the results for enzyme activity however including the level of food intake between 8 to 16 weeks of 
age as a co-variable resulted in diet/floor interaction having a significant effect on the SFA:UFA profile of 
belly fat (P=0.043). The same data reported in the thesis (without VFI as a co-variable) shows that there was a 
strong trend for floor to affect the SFA:UFA (P=0.055) but the interaction was not significant. Furthermore 
the inclusion of VFI (8-16 weeks of age) as a co-variable in analyses of carcass fat % and belly primal fat% 
data showing that pigs fed the 9% straw diet had significantly less fat in the carcass (P=0.027) and belly 
(P=0.025) compared to pigs fed the control diet. These results support the hypothesis for experiment 3a/b that: 
“Carcass fat distribution will differ between pigs with access to straw, via diet or bedding, and pigs without   XI 
access to straw. In particular, pigs with access to straw will have less fat in the belly primal”. However in 
experiment 3a/b it was noted that during the period between 8-16 weeks of age wastage of the grower diet 
was noticeably higher in pigs fed the 9% straw diet. Feed wastage was unable to be measured therefore I 
cannot confirm if there was a real effect of VFI between 8-16 weeks of age and I have not included these 
results in the thesis. I would like to further investigate this issue, possibly by conducting and experiment(s) in 
the near future where the effect of feeding a 9% straw diet to grower-finisher pigs on carcass composition 
where pigs are individually housed to allow food intake and wastage to be closely monitored.     
 
2)  The confounding of straw source by straw type was expected to be of little consequence to the results 
and this is discussed in a paragraph that has been added to 5.4 General Discussion of Experiment 3a and b 
(p271). Barley straw is the preferred type of straw used in deep-litter systems and this was used as the 
bedding in the Bed+ treatments. Wheat straw was used in the St+ diet. The nutritional value of cereal straw 
for pigs is negligible because of the high lignin and cellulose content and therefore low fermentability. Wheat 
straw is slightly less fermentable than barley straw due to a higher proportion of lignin and cellulose (72% 
NDF and 46% ADF for wheat straw versus 84% NDF and 51% ADF for barley straw. Ewing, 1997; Sauvant 
et al., 2002), however grinding of the straw and its incorporation in to the diet pellet was expected to increase 
fermentability slightly.  
 
Comment (General Discussion) 
The discussion is consistent with that of the previous chapters and successfully integrates information across 
chapters.  It  is  good  to  see  relationships  between  parameters  across  different  treatments  and  studies 
summarised, such as those in figures 6.1, 6.2 and 6.3 and addressing issue raised in each of the chapters (i.e. 
see comment to p102). The overall conclusions and implications are well worded. 
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SUMMARY 
 
Minimising variability in carcass quality to better meet market specifications is a priority 
for Australian pig producers, however issues with variability in carcass fat distribution have 
recently been raised, particularly in the belly primal. There has been a rapid increase in the 
use of low-cost, deep-litter (DL) housing systems in Australia over the past 15 years for 
rearing  pigs.  The  inherent  differences  between  the  physical,  thermal,  and  social 
environments of conventional (C) and DL production systems may well alter the growth 
path  of  the  pig  and  subsequently  alter  fat  metabolism  and  hence  fat  deposition  and 
distribution. The general industry view is that pigs finished in DL housing are fatter and 
grow  less  efficiently  than  pigs  finished  in  C  housing,  however  contrasting  carcass  and 
growth performance results have been reported between housing systems. It is likely that 
the  different  housing  environments  affect  the  maintenance  energy  requirements  of  the 
growing pig, thereby affecting the availability of substrates for fat deposition and/or the 
requirements for fat mobilisation. Hence, raising pigs in C and/or DL production systems 
was identified as a likely contributor to variability in carcass fat distribution via the effects 
of the disparate environments on fat metabolism.  
 
The overall purpose of this thesis was to establish the effect of keeping pigs in C and/or DL 
housing systems on fat metabolism, and therefore fat deposition in the growing pig and fat 
distribution in the finished carcass. Industry considers that finishing pigs in C facilities 
allows greater flexibility in feeding and marketing decisions, allowing growth efficiency 
and backfat to be managed more effectively than in a DL system. Therefore an aspect of 
this thesis was to also examine the effects of an alternative management strategy, raising 
pigs in a combination of DL and C housing, on growth performance and fat deposition and 
distribution in the carcass. The presence of straw bedding is a major difference between C 
and DL housing systems. This was identified as a probable contributor to the differences in 
growth performance and carcass fat distribution found between pigs raised in the different 
housing systems, via its thermal properties and/or the ingestion of the straw on pig growth. 
 
Experiment 1a and 1b were designed to test the hypothesis that the growth path differs for 
pigs  raised  in  C  and  DL  housing  systems,  affecting  biochemical  indicators  of  fat   XIV 
metabolism  and  therefore  fat  accretion  and  distribution  in  the  carcass.  The  study  was 
conducted as a serial slaughter of pigs housed in C and DL systems allowing the pattern of 
fat accretion, and therefore the distribution of fat in the carcass, to be determined from 15–
185 kg live weight (LW). The results confirmed the hypothesis that the growth path, fat 
accretion and fat distribution in the carcass differed for pigs raised in C and DL housing 
systems.  
 
In Experiment 1a,  elevated lipogenic  enzyme activities, higher percentages of saturated 
fatty  acids  (SFA)  and  higher  concentrations  of  plasma  glucose  and  lactate  indicated 
lipogenesis  was  elevated  in  C  pigs  to  13  weeks  of  age,  compared  to  young  DL  pigs, 
suggesting that fat accretion was higher in young C pigs. At 24 weeks of age however there 
was  a  shift  in  lipogenic  enzyme  activities,  the  percentage  of  SFA  in  backfat  and  the 
concentration  of  plasma  glucose  were  higher  in  DL-housed  pigs  than  C-housed  pigs, 
indicating  higher  rates  of  lipogenesis.  Elevated  concentrations  of  plasma  non-esterified 
fatty acids (NEFA) and glycerol in DL pigs indicated that lipolysis, or fat mobilisation, was 
higher in DL-housed pigs for the entire growth period. The results from Experiment 1b 
clearly indicated that during early growth, C pigs grew faster than DL pigs (0.71 vs 0.66 
kg/day,  P≤0.05)  and  were  heavier  between  8-23  weeks  of  age  (P≤0.05).  Therefore  in 
conjunction with the results of Experiment 1a, it was expected that young C pigs would be 
fatter than DL pigs of the same age. However, dissection indicated no treatment differences 
in  total  carcass  composition,  although  there  was  an  effect  of  housing  on  carcass  fat 
distribution with a trend (P=0.087) for a lower ratio of fat:lean in the belly primal of DL 
pigs compared to C pigs at 13 weeks of age. After 20 weeks of age however, growth rates 
were similar for pigs in both housing treatments and by 26 weeks of age there were no 
treatment  differences  in  live  weight  (LW)  but  the  rate  of  fat  accretion  in  DL  pigs, 
particularly  in  the  loin  and  belly primals, increased  rapidly.  Differences  in  the thermal 
environments of C and DL housing, and therefore differences in the energy demand for 
thermoregulation,  were  likely  to  have  contributed  to  the  differences  measured  in 
lipogenesis, growth performance and carcass fat distribution.  
 
Experiment 2a and 2b tested the hypothesis that moving pigs from DL to C housing for 
finishing would improve overall growth performance and reduce carcass fatness compared 
to pigs raised in wean-to-finish DL housing. The biochemical measurements indicated few   XV 
differences in the rate of lipogenesis between 13-week-old C and DL pigs. However, and in 
agreement with the findings from Experiment 1a, elevated plasma NEFA concentrations in 
DL pigs suggested higher rates of lipolysis. Up to 13 weeks of age, pigs in the DL housing 
system grew faster than C pigs, however similar to the findings of Experiment 1b, DL pigs 
were less efficient. In addition, P2 backfat depth was less in DL pigs, indicating they were 
leaner than C pigs, and though not reflected in total carcass composition, again there was an 
effect  of  housing  on  fat  distribution.  The  move  to  an  unfamiliar  housing  environment 
affected growth performance, reduced enzyme activity in backfat and the ratio of SFA in 
belly fat, suggesting these pigs had lower rates of lipogenesis. However in  contrast to 
Experiment 1a, where lipogenesis was higher in older DL pigs compared to older C pigs, 
pigs  finished  in  the  DL  housing  had  a  trend  for  lower  enzyme  activity  in  belly  fat 
(P=0.063),  suggesting  lower  rates  of  lipogenesis,  and  higher  plasma  glycerol 
concentrations, suggesting  a higher level of lipolysis compared to C-finished pigs. The 
carcass  composition  data  (Experiment 2b)  found  that  though there  were no  differences 
indicated by differences in P2 depth, there was a strong trend (P=0.057) for DL-finished 
pigs to have 2-6% less fat in the carcass as a result of significantly less fat in the shoulder 
(15%  vs  17%)  and  belly  (29%  vs  33%)  primals  compared  to  C-finished  pigs.  The 
difference in belly primal composition was a reflection of the lower enzyme activities in 
belly fat and higher plasma glycerol concentrations in DL finished pigs. The results suggest 
that the type of housing during the finishing growth period has a greater impact on fat 
accretion and carcass composition than the type of housing during the grower period, or 
changing housing environment during growth. However, changing housing environment at 
13 weeks of age affected growth, where there was a temporary reduction in daily LW gain, 
and therefore significantly lower (P≤0.001) LW at slaughter (117 kg LW), compared to 
pigs that had remained in C or DL housing from wean-to-finish (123 kg LW).  Moving pigs 
from DL to C housing to control carcass fat and improve growth performance compared to 
pigs grown wean-to-finish in DL housing, was not successful, and had a negative impact on 
performance and carcass quality by reducing growth efficiency and LW and increasing 
carcass fatness. The results also showed that contrary to the industry view that DL raised 
pigs are fatter, pigs in this experiment finished in DL housing had a lower fat:lean ratio in 
the carcass than pigs finished in the C system (P≤0.05). 
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The effects of straw on growth performance and carcass composition were evaluated in 
Experiment 3a and 3b by including straw in the grower and finisher diets (St+) and/or 
providing straw bedding (Bed+) to C-housed pigs. The experiment tested the hypothesis 
that the presence of straw alters the growth paths of pigs, affecting fat distribution in the 
carcass. Straw, as bedding and in the diet, affected pig growth paths and altered carcass fat 
distribution and, consistent with the findings for DL pigs in Experiments 1b and 2b, there 
was a trend for pigs with access to straw to have less fat in the belly (P=0.072). 
 
Elevated activity of key enzymes involved in lipogenesis, measured in Experiment 3a in 
belly fat and backfat from pigs fed the St+ diet, and a higher ratio of SFA in belly fat of 
pigs housed on concrete without straw bedding, suggested that in this experiment straw 
ingestion increased lipogenesis in belly fat and backfat of the growing pig, whilst straw 
bedding reduced lipogenesis in belly fat. Experiment 3b demonstrated an additive effect of 
straw  on  growth  where  average  LW  at  slaughter  for  pigs  without  access  to  straw  was 
significantly lower (110 kg), compared to pigs with access to one source of straw either via 
the diet or bedding (115 and 114 kg LW respectively), and pigs that had two sources of 
straw available (119 kg LW) (P≤0.05). Although LW differed between treatments there 
were no differences in total carcass fat (P>0.10), yet there was an effect of straw on fat 
distribution. Pigs with access to straw had a lower ratio of fat and a higher ratio of lean 
tissue in the belly primal (P=0.072) compared to pigs that did not have straw. The effect of 
straw ingestion on lipogenesis and fat deposition may have occurred via the  effects of 
dietary fibre (DF) on the dilution of dietary energy density. Pigs were able to compensate 
for the energy/nutrient dilution by increasing VFI and therefore growth was not affected, 
however fat acts as an insulator, and localised differences in fat distribution may have been 
related to increased heat production (HP) from the digestion of greater volumes of feed. In 
response, fat deposition may have been directed away from the belly location in order to 
facilitate heat loss. Floor type may have also affected fat distribution via differences in 
thermal conductivity. Straw has a lower thermal conductivity than concrete, hence pigs 
housed on concrete flooring may have a greater requirement for fat in the belly to reduce 
conductive  heat  loss.  Results  from  Experiment  3a  and  3b  provided  evidence  that  pigs 
housed  on  bedding  consume  straw  in  sufficient  quantities.  Pigs  fed  the  straw  diet  had 
significantly  higher  concentrations  of  plasma  acetate  than  pigs  fed  the  control  diet 
(P≤0.001), and there was a trend for pigs housed on straw bedding to have higher levels   XVII 
than pigs without access to straw. An increase in plasma acetate can indicate increased 
microbial activity in gut, which occurs in response to higher levels of DF. In addition, pigs 
bedded on straw had higher gastrointestinal tract weights, which can also indicate higher 
levels of DF intake.  
 
Regression analyses of data across experiments showed that P2 backfat depth, the primary 
carcass composition prediction tool, accounted for less than 50% of the variation in percent 
carcass fat (R
2=0.41). Furthermore, across experiments, P2 accounted for very little of the 
variability in percent belly fat (R
2=0.01). These results highlight the inconsistency of P2 
depth as a reliable indicator of carcass composition and the need for the development of 
additional  criteria  to  be  used  in  the  selection  of  carcasses  for  specific  markets  as  the 
composition of  the  belly  primal  was not  indicated  by  the  current  carcass  measurement 
system. 
 
From the results obtained in this thesis, it was proposed that: 
1)  The growth path of pigs is altered by the housing system in which they are reared 
and  the  more  variable  ambient  temperature  of  the  DL  housing  system  would 
increase  the  energy  requirement  of  young  pigs  for  thermoregulation.  As  a 
consequence of the altered growth paths, fat metabolism differs for pigs raised in 
DL and C production systems. Lower rates of lipogenesis may occur in young DL 
pigs compared to C pigs and this can change as pigs grow, however fat mobilisation 
remains higher in DL pigs during growth.  
2)  Differences in the rate of lipogenesis, indicated by the biochemical measures, were 
generally not reflected in total carcass composition, however there were differences 
in carcass fat distribution where pigs raised in DL systems consistently had less fat 
in the belly primal. Rearing environment may provide an additional criterion when 
selecting carcasses for specific markets where variability in belly composition is an 
issue.  
3)  Pig  raised  in  the  DL  environment  are  not  always  fatter  than  pigs  housed  in  C 
facilities, and moving pigs from one housing environment to another during the 
growing-finishing period disrupts the growth path reducing growth performance and 
can increase carcass fatness.   XVIII 
4)  Straw  bedding,  via  ingestion  and  via  its  physical  thermal  properties,  affects  pig 
growth and fat distribution and may explain in-part the differences in pig growth 
performance and carcass quality found between C and DL housing systems.  
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GENERAL INTRODUCTION 
 
Minimising variability in carcass quality to better meet market specifications is a priority 
for Australian pig producers. The recent expansion of the Australian pork industry into 
overseas markets has drawn attention to variability in fat distribution between carcasses. 
This potentially has ramifications for Australian pork carcasses exported to Singapore that 
are selected to meet specific P2 backfat requirements on the basis that backfat thickness 
reflects leanness of the complete carcass.  
 
There  has  been  a  rapid  increase  in  the  use  of  low-cost,  deep-litter  housing  systems  in 
Australia  in  the  past  15  years  to  rear  pigs,  with  an  estimate  of  30-35%  of  slaughter 
generation pigs raised at some stage (either wean-to-finish or wean-to-grower) in deep-litter 
housing (Payne, 2004). Furthermore, in Western Australia it is estimated that 75% percent 
of  slaughter  generation  pigs  spend  some  time  in  deep-litter  systems  (H.  Payne,  Pers. 
Comm. 2006). It is the general industry view that pigs finished in deep-litter housing are 
fatter and grow less efficiently than pigs finished in conventional housing systems (Payne 
et al., 2001; Kruger et al., 2006), and results from a number of research groups support this 
(Payne et al., 2000; Gentry et al., 2002b; Johnston et al., 2005). However results from other 
groups are contradictory, where growth rates were higher and there was no difference in 
backfat of deep-litter pigs compared to conventionally housed pigs (Pluske et al., 2005). 
Therefore the following research was carried out to determine the contribution of housing 
(conventional  and  deep-litter)  to  differences  in  growth  and  carcass  composition.  It  is 
considered  by  industry  that  finishing  pigs  conventionally  allows  greater  flexibility  in 
feeding and marketing decisions, allowing growth efficiency and backfat to be managed 
more effectively. Therefore an aspect of this thesis was also to examine the effects of an 
alternative  management  strategy,  raising  pigs  in  a  combination  of  deep-litter  and 
conventional housing, on growth performance and fat deposition and distribution in the 
carcass.  
 
The growth path that an animal follows affects body composition. The inherent differences 
between  the  physical,  thermal,  and  social  environments  of  conventional  and  deep-litter 
production systems may well alter the growth path of the pig and subsequently alter fat   2 
deposition and distribution. In particular, it is likely that the different environments affect 
the maintenance energy requirements of the growing pig, thereby affecting the availability 
of substrates for fat deposition and/or the requirements for fat mobilisation. Hence, raising 
pigs  in  conventional  and/or  deep-litter  production  systems  was  identified  as  a  likely 
contributor  to  variability  in  carcass  fat  distribution  via  the  effects  of  the  disparate 
environments on fat metabolism. The literature provides a plethora of information about the 
variable effects of pig production systems on growth performance and carcass quality as 
determined  by  carcass  weight  and  backfat  depth.  Nonetheless,  there  is  very  little 
information about the effects of the housing systems on the deposition and distribution of 
fat and its impact on the carcass.  
 
The purpose of this thesis was to establish the effect of keeping pigs in conventional and/or 
deep-litter housing systems on fat metabolism, and therefore fat deposition and distribution, 
in the growing pig. Due to the large amount of data collected each of the experiments is 
separated  into  two  sections,  with  the  first  being  presentation  and  discussion  of  the 
biochemical  measures, and the  second being  the  presentation  and  discussion  of  growth 
performance and carcass data. The presence of straw bedding in deep-litter systems is a 
major  difference  from  the  conventional  housing  environment  and  was  identified  as  a 
probable  contributor  to  the  differences  found  in  growth  performance  and  carcass 
composition between pigs raised in the different housing systems. Straw bedding may alter 
fat  metabolism  in  growing  pigs  via:  1)  its  effects  as  bedding,  reducing  the  energy 
requirements of pigs for thermoregulation in cool environments; and 2) through ingestion, 
by increasing the fibre intake of pig and affecting digestion. 
 
The general hypotheses tested in this thesis were that: 1) the growth path differs for pigs 
raised in conventional and deep-litter housing systems, affecting biochemical indicators of 
fat metabolism and therefore fat accretion and distribution in the carcass; 2) moving pigs 
from  deep-litter  to  conventional  housing  during  the  grower  period  results  in  improved 
overall growth performance and reduced carcass fatness compared to pigs raised in deep-
litter housing from wean-to-finish; and 3) the presence of straw alters the growth paths of 
pigs, affecting fat distribution in the carcass.    3 
 
 
 
 
CHAPTER 1 
 
 
Review of the Literature 
   4 
1.1  INTRODUCTION 
The lean tissue mass is the most valuable component of the pork carcass, however the 
quantity  and  distribution  of  fat  tissue  also  plays  an  important  role in  determining  total 
carcass value. Different markets have specific carcass requirements and the recent entry of 
the Australian pork industry into export markets has meant that there are additional carcass 
specifications to be met.  Backfat depth at the P2 site, an indicator of carcass leanness, is 
the  primary  tool  used  to  select  carcasses  for  various  markets,  however  feedback  from 
buyers has indicated that selected carcasses do not always meet their requirements. More 
specifically, it has been found that carcasses selected for leanness according to P2, can have 
excessive belly fat (D’Souza et al., 2004; Suster et al., 2005) and this suggests that fat 
distribution in the carcasses can be variable. 
 
Currently in Australia the majority of slaughter generation pigs are raised in conventional 
type housing, low-cost deep-litter housing or a combination of the two. It is the general 
perception of Australian pig producers that pigs raised in deep-litter production systems are 
fatter and grow less efficiently than pigs raised in conventional housing systems (Payne et 
al.,  2001;  Kruger  et  al.,  2006).  It  is  likely  that  the  difference  in  growth  performance, 
brought about by the highly different growing environments, alters fat deposition patterns 
during growth and may contribute to variability in fat distribution within the carcass.  
 
The following literature review considers fat deposition in the growing pig. The review 
discusses the significance of fat to the pork industry, the biochemical and physiological role 
of fat and the various factors that can alter the partitioning of energy into the deposition of 
fat and lean tissue. The disparate environments of conventional and deep-litter housing 
systems are reviewed and are identified as impacting on the growth paths of pigs, therefore 
influencing the pattern of fat deposition and distribution.  
 
1.2  THE IMPORTANCE AND VALUE OF FAT TO THE PORK INDUSTRY 
1.2.1  Carcass quality, pork quality and eating quality 
In the production of pork, quality is defined at three levels: i) carcass quality, ii) pork 
quality and iii) eating quality. Pork carcass quality is a broad assessment that primarily 
considers carcass weight and total carcass fat. A major physical criterion for carcass quality 
is the ratio of fat to lean, however other important factors include dressing percentage,   5 
tissue distribution and carcass conformation (Purchas et al., 1989). Skin damage, which 
contributes to the appearance of the carcass as well as contributing to the appearance of 
fresh meat cuts, is also considered. Pork or meat quality is the next level in which factors 
such as texture, pH, driploss and colour, are measured objectively to provide an assessment 
of technological quality. Meat quality also includes the appearance of the product, in terms 
of the amount and distribution of fat within individual cuts and the colour of both the lean 
and fat as meat quality characteristics have a significant influence over consumers’ fresh 
meat purchasing decisions (Purchas et al., 1989). The third level of quality is eating quality. 
The eating quality of pork relates to the eating experience and the traits of concern include 
juiciness, tenderness and flavour (Meisinger, 2001). Such traits can be measured through 
sensory analysis, however objective measures of pork quality can indicate the levels of 
eating quality traits (Cameron et al., 1990; Hovenier et al., 1993; Casteels et al., 1995).  
 
Aspects of the three quality categories overlap. For example, a rapid decline in pH early 
post-mortem, while carcass temperature is high, can result in pale soft exudative (PSE) 
pork (Claus et al., 1994). Pork with PSE is paler than normal, has a soft texture and a wet 
weepy surface (Trout, 1993). When cooked, PSE pork is dry, less tender, less juicy and 
unpalatable (Jones et al., 1991; Wood, 1993; Faustman, 1994) and therefore has poor eating 
quality. In contrast, different quality parameters within each quality level can be unrelated 
or  negatively  correlated.  Casteels  et  al.  (1995)  found  that  the  correlation  between  the 
carcass quality parameter of fat thickness to be negligible with meat quality parameters. 
The consumer does not favour the appearance of fat in the raw product. In the 1980's a 
widespread  agreement  emerged  that  excess dietary  fat,  particularly  saturated  fat,  was  a 
major cause in the significant increase in coronary heart disease (Cardiovascular Health 
Bureau, 1999). In developed countries meat is the major source of both total and saturated 
fat intake (Rose, 1990). Modern consumers demand lean meat (Davidson and Ferguson, 
1990) and the amount of visible fat is the strongest visual discriminative stimulus in the 
decision making process (Fortin et al., 2004).  
 
Nonetheless  there  is  conflict  between  the  value  of  fat  to  the  pork  industry  as  there  is 
opportunity for fat to have a positive economic impact on the meat product by improving 
eating quality attributes. Eating quality is the most important aspect of meat quality (Wood 
et  al.,  2004)  and  fat  is  important  to  the  development  of  flavour.  Subcutaneous  and   6 
intermuscular fat, if they remain with the meat during cooking, contribute to tenderness, 
juiciness  and  flavour.  Casteels  et  al.  (1995)  reviewed  work  that  found  no  positive 
correlation between the eating quality characteristics of pork and intramuscular fat (IMF) 
levels, however many authors are convinced that IMF has the greatest influence on the 
eating  quality  of  lean  meat  (Wood,  1990;  Fortin  et  al.  2004;  Wood  et  al.  2004). 
Intramuscular  fat  improves  juiciness,  tenderness  and  flavour  of  pork  (Wood,  1993; 
Fernandez et al., 1999) as demonstrated by increased satisfaction scores from a trained taste 
panel  for  each  of  those  aspects  of  the  eating  experience  (Wood,  1993).  Likewise, 
relationships between IMF and tenderness, juiciness and flavour are true for beef (Harper et 
al., 2001). In modern Australian lean commercial pig genotypes, the level of IMF can be 
<1%, well below the 2-2.5% level required for optimal pork eating quality (D'Souza and 
Mullan, 2001).  A feasibility study conducted in Australia by Bennett (1997) found that 
consumers  considered  pork  to  be  tough  and  dry  in  comparison  to  other  meats  and 
inadequate IMF was identified as one of the causes.  
 
1.2.1.1 Fatty acid profile of tissue  
Fats are a source of essential fatty acids (FA) that are required by the animal, but cannot be 
synthesized by the animal. Unlike ruminants, the FA composition of the tissue of pigs is 
largely  a  reflection  of  the  FA  pattern  of  the  diet  (Smith  et  al.,  1996;  Wiseman  and 
Augunbiade, 1998; Ding et al., 2003), particularly in regards to the essential FA such as 
linoleic (18:2) and alpha-linolenic acid (18:3), which are preferentially deposited.  Fatty 
acids are present in two forms, saturated and unsaturated. Unsaturated fatty acids (UFA) 
can occur as mono- or poly-unsaturates. The ratios of each type of FA within fat tissue 
affect the overall characteristics of the tissue and can affect the technological aspects of 
meat quality. Fat with a higher ratio of saturated fatty acids (SFA) tends to be firmer than 
tissue with higher levels of UFA (Piedrafita et al., 2001), because SFA have higher melting 
points than UFA. The ratio of SFA:UFA has implications for the appearance and cutting of 
fresh and processed pork (Tume and D'Souza, 1999). Stearic acid (18:0), a SFA, has a 
melting point of 69.6 
oC, whereas oleic acid (18:1), linoleic and alpha-linolenic acid have 
melting points of 13.4 
oC, -5 
oC and -11 
oC respectively (Wood et al., 2003). Melting point 
influences fat colour, with fat of a higher melting point appearing whiter than fat with a 
lower melting point (Wood et al., 2003). The FA composition of the tissue also affects 
shelf-life  of  fresh  and  processed  product.  Unsaturated  fatty  acids,  in  particular   7 
polyunsaturated fatty acids (PUFA), have a greater propensity to oxidise. Rancidity and 
colour deterioration are accelerated (Wood et al., 2003) and product shelf-life is reduced. 
Pork flavour is also influenced by the FA profile. Linoleic (C18:2 n-6), alpha-linolenic 
(C18:3 n-3) and stearic (C18:0) acid can be negatively correlated to pork flavour (Cameron 
et al., 2000; Kimata et al., 2001), while palmitoleic acid (16:1) is positively correlated to 
pork flavour (Cameron et al., 1990; Cameron et al., 2000; Kimata et al., 2001). 
 
Other factors can also influence the FA profile of fat. Generally, as the pig ages body fat 
becomes more saturated (Cameron et al., 1990) because the rate of de novo FA synthesis, 
which  predominantly  produces  SFA,  increases.  Furthermore,  the  rate  of  fat  deposition 
affects  the  concentration  of  PUFA  within  the  tissue,  where  the  concentration  increases 
when the rate of fat deposition slows (Rehfeldt et al., 1994; Bee et al., 2004) as there is less 
de novo FA synthesis and a greater proportion of FA are dietary derived. Supporting data 
was reported by Piedrafita et al. (2001) where, when fat deposition increased, there was an 
increased proportion of palmitic (16:0) and stearic (18:0) FA and reduced proportions of 
linoleic  (18:2)  and  alpha-linolenic  (18:3)  FA,  resulting  in  an  overall  increase  in  SFA. 
Ambient  temperature  also  has  an  effect  on  FA  composition,  with  pigs  raised  in  cool 
environments  having  higher  levels  of  UFA  and  softer  fat  than  pigs  raised  in  warm 
environments (Fuller et al., 1974; Le Dividich et al., 1987; Lefaucheur et al., 1991; Tume 
and D'Souza, 1999). The primary response of pigs to hot environments is a decrease in 
appetite (Sugahara et al., 1970; Giles and Lorschy, 1994; Korthals et al., 1997; Massabie et 
al., 1997). Alternately, pigs housed in cool environments increase food intake in order to 
meet the elevated maintenance energy requirements to maintain body temperature. Higher 
levels of food intake result in a greater proportion of pre-formed FA being made available 
for lipogenesis, hence fat tissue has a greater ratio of UFA. When the pig’s food intake is 
reduced, a greater portion of FA deposited originate from de novo FA synthesis, therefore 
tissue becomes more saturated. The effect of ambient temperature on level of food intake, 
leading to differences in the FA profile of pig fat, are in agreement with the conclusions of 
Fuller et al. (1974), however the group also concluded that there was also a direct effect of 
temperature, although the mechanisms by which this effect occurs are unclear.  
 
The  FA  profile  also  differs  between  fat  depots,  with  internal  fat  tending  to  be  more 
saturated  than  subcutaneous  fat.  This  pattern  may  have  developed  in  response  to  the   8 
different temperature gradients within the body (Wiseman and Agunbiade, 1998). Similar 
to the differences in saturation between different fat depots, the inner layer of backfat tends 
to have a higher ratio of SFA compared to the outer layer and this trend remains consistent 
between different dietary treatments (Wiseman and Agunbiade, 1998; Bee et al., 2002). 
 
1.2.2  Lean meat production 
In meat producing animals the lean mass is the most valuable part of the carcass. The 
distribution and quantity of fat plays an important role in determining carcass value and 
there is potential economic loss through excessive fat in carcasses. Fat within the body 
cavity or excess fat in the intermuscular or subcutaneous depots is discarded when the 
carcass is dressed (Leat and Cox, 1980). Trimming and discarding of fat from carcasses and 
cuts is considered to be a waste of resources for both the producer, and processor (Harper et 
al., 2001).  
 
Significant pig breeding and selection programs to alter the amounts of lean and fat in 
slaughter  generations  began  in  the  UK  as  early  as  the  1930's  in  response  to  carcass 
competitions. In competitions, visual appraisals were used to assess the trade requirements 
for a desirable rasher of bacon. The competitions took into account a cross section of the 
last rib allowing the assessment of eye muscle area and depth, and the thickness of fat 
adjacent  (Buck  et  al.  1962).  Hankins  and  Ellis  (1934)  conducted  some  of  the  earliest 
validations of the use of backfat as an index of carcass fatness where chemical analyses 
were  compared  to  carcass  measures.  However,  it  was  not  until  the  1960's  that  further 
development of carcass measures for the evaluation of pig carcass composition occurred.  
Buck et al. (1962) established that the most accurate prediction of percentage lean in the 
carcass of pigs from wide genetic and environmental backgrounds was derived from the 
measurement of fat depth over the greatest depth of eye muscle perpendicular to the skin, 
measured at the last rib. They found that fat depth measured at this site, on a cold carcass, 
explained 62% of the variation in carcass percent lean at a wide range of carcass weights. 
Further investigations found that measurement at this site, known as P2 backfat depth, was 
consistent in its prediction of carcass percent lean for different genotypes raised in different 
environments (Kempster and Evans, 1979a; Giles et al., 1983; Diestre and Kempster, 1985; 
Wood et al., 1983; Wood and Robinson, 1989). The site of measurement for P2 is defined 
as:  the  subcutaneous  fat  thickness  (including  skin)  measured  65  mm  from  the  dorsal   9 
midline and level with the posterior edge of the last rib (Giles et al., 1983). Throughout 
Australia,  a  pork  carcass  classification  system  based  entirely  on  P2  fat  depth  and  hot 
carcass weight was adopted (Godfrey et al., 1991) and in response, selective breeding and 
management strategies have been focused on reducing backfat depth at the P2 site for the 
past 20 years. This has led to a significant reduction in the subcutaneous backfat thickness 
of pigs (Table 1.1). 
 
Table 1.1 An example of the decline in backfat thickness of Australian pig genotypes over 
time in response to selection and management strategies 
P2 (mm)  Live weight (kg)  Reference 
19.6  83  Chappel and Dunkin (1975) 
18.6  84
a  Giles et al (1983) 
14.4  76
a  Godfrey et al. (1991) 
13.0  80  McPhee and Daniels (1991) 
13.4
b  116  Dunshea et al. (1999) 
12.8  97
a  Gaughan et al. (2001) 
11.8
c  105  D’Souza and Mullan (2002) 
9.5
d  108  Suster et al. (2005) 
 
aCalculated live weight from carcass weight and average dressing percentage (75.8%) for the Australian 
finishing herd in 2001/02 (Pig Stats, 2003). 
bGilts
 treated with 5mg pST/day four weeks prior to slaughter. 
cGilts treated with 1ml pST/day six weeks prior to slaughter.   
dGilts
 treated with 5mg pST/day four weeks 
prior to slaughter. 
 
In recent times P2 has been reported as a good indicator of carcass lean with reduction in 
P2  thickness  corresponding  to  an  overall  reduction in  total  carcass  fat  (McPhee,  2000; 
D’Souza et al., 2004). However, there has also been research to suggest that the accuracy of 
P2 as a predictor of carcass composition in modern genotypes is not consistent. Wood et al. 
(1983) found that in selected versus non-selected pigs, assessed at the same average weight 
of subcutaneous fat, selected pigs had thinner backfat but more fat at other subcutaneous 
sites. In addition, Godfrey et al. (1991) and Planella and Cook (1991) found carcasses of 
the  same  weight  and  P2  thickness  to  have  significant  differences  in  total  carcass  fat. 
Trezona et al. (1999) reported that the depth of backfat at the P2 site was significantly 
affected by differences in feeding patterns of growing pigs, yet no difference occurred in 
total carcass chemical fat. Likewise, Whittemore et al. (2003) reported that the relationship 
between P2 and chemical lipid was not consistent in pigs grown from 25 to 115 kg live 
weight (LW).  The findings suggest that heavy selection for reduced backfat thickness at   10 
the P2 site is, in part, responsible for differences in the distribution of fat tissue in the 
modern pig (McPhee and Daniels, 1991; Browne and Robb, 1994). This is supported by 
Wood et al. (2004) who found P2 was not an accurate predictor of subcutaneous fat content 
in  their  study  comparing  effects  of  breed  and  diet.  Suster  et  al.  (2003)  compared  the 
prediction of lean tissue mass by P2 and carcass weight with chemical analysis, in carcasses 
of pigs that had been raised under different management strategies. It was found that P2 
was a moderate predictor of carcass lean within management groups, but a poor predictor 
when  management  was  not  specified.  The  group  concluded  that  the  use  of  the  P2 
measurement in value based marketing requires scrutiny. 
  
Recent expansion of the Australian pork industry into overseas markets has highlighted the 
issue of carcass variation, particularly variation in carcass fat distribution. Australian pork 
carcasses  exported  to  Singapore  are  selected  to  meet  specific  backfat  requirements, 
however there have been complaints from customers that the belly primals can be too fat 
(D’Souza et al., 2004; Suster et al., 2005). This issue highlights the inconsistency of P2 
backfat  thickness  as  an  indicator  of  total  carcass  fat  and  variability  in  carcass  fat 
distribution. The belly is a premium cut in Asian markets, however in the past has not been 
considered valuable in  Australia and therefore genetic improvement programs have not 
selected for belly leanness. Reducing belly fatness through breeding programs will take 
time, so the industry must look towards management strategies to reduce fatness in the 
interim.  
 
1.3  ROLE OF ADIPOSE AND LIPIDS TO THE ANIMAL 
1.3.1  Metabolism 
The primary role of adipose tissue is to act as a store and source of energy. When energy 
intake exceeds the animal's requirement for maintenance and lean tissue growth then the 
excess energy is stored as fat. The storage of fat does not disturb the osmotic equilibrium of 
the animal and therefore unlimited amounts of energy are able to be stored relative to other 
energy storage mechanisms, such as glycogen (Leat and Cox, 1980). Fat releases energy 
through the release of FA, from triglycerides, as a means to maintain energy nutrition. The 
key  features  of  the  adipocyte,  hence  adipose  tissue  metabolism,  are  the  synthesis  of 
triglycerides (lipogenesis) and their subsequent hydrolysis (lipolysis), that is to store excess 
energy and then to release it in a usable form as required. Lipogenesis and lipolysis occurs   11 
continuously  within  the  animal,  so  net  lipid  deposition  or  mobilisation  depends  on  the 
relative rates of both processes (Vernon, 1986).  
 
In  lipogenesis,  the  synthesis  of  triglycerides  requires  a  source  of  FA  and  glycerol  3-
phosphate. The glycerol backbone is formed primarily from glucose and the long-chain FA 
can be synthesised de novo, for which glucose is considered to be the major carbohydrate 
precursor, or are preformed and obtained through the diet (O’Hea and Leveille, 1969a; 
Dunshea  and  D'Souza,  2003).  Dunshea  and  D'Souza  (2003)  summarised  adipocyte 
anabolism  as  being  where  glucose  is  metabolised  via  glycolysis  to  pyruvate.  Pyruvate 
enters the mitochondrion and through the initial stages of the tricarboxylic acid pathway is 
converted  to  citrate.  Citrate  exits  the  mitochondrion  and  is  cleaved  to  acetyl  CoA  and 
oxaloacetate.  Acetyl  CoA  is  carboxylated  by  acetyl  CoA  carboxylase  (ACoACBX)  to 
malonyl CoA which is then polymerised into FA by fatty acid synthase. The FA are then 
incorporated  into  triglycerides (Figure  1.1).  Alternatively,  lipoprotein triglycerides  from 
within the plasma are broken down by lipoprotein lipase and can enter the free FA pool 
within the adipocyte from where it can be incorporated into triglyceride. 
 
Catabolism, or lipolysis, is the mechanism through which triglycerides are utilised to meet 
the energy  requirements  of the  animal  that are  not  being  met  nutritionally  (Mersmann, 
1990). Lipolysis is controlled by a cascade-type regulatory system and is stimulated by the 
release  of  adrenaline,  glucagon  and  growth  hormone,  which  activate  the  formation  of 
hormone-sensitive lipase (HSL). Conversely, insulin reduces the rate of lipolysis (Mills, 
1999) by inhibiting the release of HSL. Hormone-sensitive lipase hydrolises triglycerides to 
release a FA from the carbon one or three position of the glycerol backbone. This is the rate 
limiting step as the remaining diglyceride and then monoglyceride is rapidly hydrolised to 
FA and glycerol. The FA can then either be re-esterified, undergo metabolic degradation 
within the cell or be discharged into circulation in the form of non-esterified fatty acids 
(NEFA) and used as substrates for skeletal muscle, cardiac muscle and the liver (Albright 
and Stern, 1998). Metabolic degradation, correctly termed beta-oxidation, converts FA into 
a form that allows successive biochemical changes and ultimately results in the formation 
of the fuel adenosine triphosphate (ATP) (Albright and Stern, 1998).  
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The liver and adipose tissue are the primary sites for FA synthesis in animals. In birds and 
fish FA synthesis occurs predominantly in the liver, for rabbits and rats FA synthesis occurs 
in the liver and adipose whereas for cattle, sheep and guinea pigs, FA synthesis in the liver 
is minor (Pullen et al., 1990). In the pig, fat accretion occurs primarily through de novo FA 
synthesis and lipogenesis which occurs almost exclusively in adipose tissue; hepatic FA 
synthesis is negligible (O’Hea and Leveille, 1969a; Ding et al., 2000). In addition to being 
synthesised within the adipocyte, FA may also be obtained preformed from dietary origin.  
 
The metabolic activity of adipocytes is determined primarily through the measurement of 
the  activities  of  factors  significant  to  the  lipogenic  and  lipolytic  pathways.  Lipogenic 
enzyme activity (per gram of fat tissue) increases significantly at weaning but reduces as 
animals  age  (Mersmann  et al.,  1973;  Anderson  and  Kauffman,  1973).  For  example, in 
subcutaneous tissue the activities of malic enzyme and glucose-6-phosphate dehydrogenase 
(G6PDH) increase rapidly after piglets are weaned until about two months of age, after 
which activity decreases. The activity of ACoACBX remains at a high level until about five 
months of age when activity begins to decline (Anderson and Kauffman, 1973). However 
even though adipocytes from older animals demonstrate lower rates of lipogenesis, the total 
amount of lipogenesis within the animal increases with age, due to the larger total adipose 
mass (Mersmann et al., 1973). This conclusion is supported by the work of Kauffman and 
Anderson  (1973)  who  demonstrated  that  cellular  lipogenic  activity  decreased  after  two 
months of age but total lipogenic activity within fat depots was greatest at five months of 
age.  As  adipocytes  increase  in  size  lipogenic  activity  per  gram  of  adipose  decreases 
(Mersmann  et  al.,  1973;  Eguinoa  et  al.,  2003;  Schoonmaker  et  al.,  2004)  because  the 
adipocyte  becomes  filled  with  lipid,  effectively  diluting  enzyme  activity.  A  suite  of 
lipogenic  enzymes  are  often  measured  simultaneously  to  indicate  lipogenic  rate.  The 
conversion of acetyl-CoA to malonyl-CoA, catalysed by ACoACBX, supplies the acetyl 
units that are used in the elongation of FA and therefore is the rate limiting step in FA 
synthesis (Drackley, 2000). Acetyl CoA carboxylase activity has been found to be the best 
single indicator of FA synthesis, and therefore lipogenesis, in the liver of rats (Kelley et al., 
1987) and the adipose tissue of pigs (O’Hea and Leveille, 1969b).  
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1.3.1.1 Fatty acids 
De novo  FA synthesis in pig  adipose tissue results in the formation of long-chain  FA, 
predominantly palmitic, stearic and oleic acids (Tume and D’Souza, 1999; Dunshea and 
D’Souza, 2003). A review by Tume and D’Souza (2003) found that at least 75% of fat 
deposited  in  the  carcass  of  growing  pigs  originates  from  de  novo  synthesis. 
Monounsaturated FA, oleic and palmitoleic, are synthesised from their respective stearic 
and palmitic pre-cursors via a ∆
9–desaturase enzyme, stearoyl-CoA desaturase (Dunshea 
and D’Souza, 2003). 
 
The FA profile of fat tissue in growing pigs can be altered by manipulating the proportion 
of de novo FA utilised in the formation of triglycerides. Preformed FA, of dietary origin, 
are incorporated  into tissue  and  therefore  the  FA  profile  of the  pig  can reflect  the  FA 
composition of the diet (Wiseman and Agunbiade, 1998; Cameron et al., 2000; Ding et al., 
2003).  The  level  of  preformed  FA  incorporation  can  be  manipulated  through  diet 
composition or the use of metabolic modifiers such as porcine somatotropin (pST) (see 
1.3.1.6). Changes in level of food intake can also alter the FA profile. For example, the FA 
profile of fat from pigs housed in a hot environment tends to have a higher ratio of SFA 
than fat from cool-housed counterparts. This is because the cool-housed pigs have a higher 
food intake and therefore consume a greater amount of preformed FA (Fuller et al., 1974; 
Lefaucher et al., 1991) changing the proportion of FA incorporated into tissue that are 
synthesised de novo relative to those from the dietary source (Fuller et al., 1974). 
 
1.3.1.2 Regulation of lipogenesis  
Insulin plays a major role in regulating adipose tissue metabolism (Vernon, 1986; Rule et 
al., 1987; Dunshea et al., 1992; Mills, 1999; Albright and Stern, 2003) by increasing the 
rate of FA synthesis, stimulating lipogenesis and glucose oxidation, and inhibiting the rate 
of lipolysis (Pethick and Dunshea, 1996; Mills, 1999). When blood glucose is high, such as 
after feeding, insulin is secreted by the pancreas to stimulate the uptake of excess glucose 
(Zubay, 1993). Numerous studies in vitro have demonstrated a small or negligible lipogenic 
response in pig adipocytes to insulin (Etherton et al., 1981; Vernon, 1986; Benmansour et 
al., 1991; Mills, 1999), however in vitro lipid kinetics qualitatively reflect in vivo lipid 
metabolism (Mersmann, 1986a; Harris et al., 1993; Dunshea et al., 2000). Mills (1999) 
reviewed work where pigs with induced diabetes, therefore desensitised to insulin, had   14 
diminished lipogenic capacity in the adipose tissue, indicating the importance of insulin to 
the  maintenance of  the  lipogenic state.  In  addition,  Dunshea  et  al.  (1992)  conclusively 
demonstrated in vivo that the rate of lipogenesis was acutely stimulated by insulin when 
hyperinsulinemic pigs were infused with labelled glucose. Insulin stimulates the formation 
of lipoprotein lipase (LPL) that hydrolyses plasma triglycerides to free fatty acids (FFA), 
which can then enter the adipocyte (Albright and Stern, 2003) and be used in lipogenesis. 
Insulin is required for the transport and utilisation of glucose, promoting FA synthesis and 
activating ACoACBX activity (Vernon, 1986; Albright and Stern, 1998). Plasma insulin 
infusion  causes  dose  dependant  reductions  in  plasma  concentrations  of  NEFA.  The 
metabolic response to insulin varies with animal weight and age, tending to decrease with 
increasing weight (Benmansour et al., 1991) and Etherton et al. (1981) concluded that this 
was explained by the reduction of glucose metabolism that occurs with increased adipocyte 
size.   
 
1.3.1.3 Fat depot 
Lipogenic  enzyme  activity  differs  between  fat  depots.  Adipocytes  from  subcutaneous 
depots tend to have lower lipogenic enzyme activity than the larger adipocytes from the 
abdominal  depots  (Lefaucheur  et  al.  1991;  Kouba  et  al.,  2001;  Eguinoa  et  al,  2003), 
whereas  activity  is  higher  in  the  subcutaneous  depot  compared  to  intramuscular  depot 
(Schoonmaker et al., 2004). Lipogenic enzyme activity on a cellular basis tends to increase 
with increasing adipocyte size and increasing adipocyte maturity (Eguinoa et al., 2003). 
Sites where fat is deposited readily, such as the abdominal depots, tend to have higher 
concentrations  of  lipogenic  enzyme  activity  relative  to  depots  where  fat  is  deposited 
sparsely, such as subcutaneous fat on the leg (Anderson et al., 1972).  
 
Within the subcutaneous fat depot of finisher pigs, the middle and inner fat layers have 
higher lipogenic activities than the outer layer (Anderson and Kauffman, 1973; Lefaucher 
et al., 1991). Mersmann et al. (1981), however, found that lipogenic rates were higher in 
the  outer  backfat  layer  compared  to  the  middle  layer  in  20-kg  pigs.  The  reason  for 
differences between studies, and between backfat layers within studies, could be because 
the inner subcutaneous layers develop later than the outer fat layer and as the animal grows 
fat deposition in the middle and inner backfat layers accelerates (Mersmann et al., 1981; 
Fortin, 1986; Eggert et al., 1998). Also, the outer, more developed, backfat layer would   15 
have  had  a  higher  proportion  of  triglyceride  relative  to  the  total  adipose  tissue  mass 
effectively diluting enzyme activity, per unit weight of adipose tissue (Kramer et al., 1993). 
 
1.3.1.4 Genotype 
Relative to lean genotypes, the rate of lipogenesis in obese strains of pigs is amplified 
(Hausman and Martin, 1981, Mourot and Kouba, 1998). Steele et al. (1974) demonstrated 
that de novo FA synthesis was greater, and Mersmann (1986) found that in vitro glucose 
metabolism rates were elevated, in the adipose of genetically obese pigs compared to pigs 
from selected lean lines. Higher activities of enzymes important to lipogenesis, such as 
fatty acid synthase (McNeel et al., 2000), LPL (Hausman and Martin, 1981; Mersmann, 
1986) and ACoACBX (Mourot and Kouba, 1998) also occur in genetically obese pigs, 
compared to lean genotypes. The age at which animals mature may explain the differences 
found between early maturing obese and later maturing lean genotypes. Steele et al. (1974) 
proposed that genetic selection had not altered lipogenic ability but rather altered the age at 
which maximum lipogenic ability is achieved.   
 
1.3.1.5 Temperature  
Lipogenic enzyme activity varies between pigs housed at different ambient temperatures. 
Lefaucheur et al. (1991) found that pigs housed at 12 
oC had the same weight of backfat as 
pigs housed at 28 
oC, but had higher activities of malic enzyme and G6PDH, enzymes 
important to the formation of NADPH, which is utilised in the synthesis of long-chain FA.  
There  was  not  a  corresponding  increase  in  ACoACBX  activity  and  consequently  the 
authors were unable to conclude if FA metabolism was higher in the adipose of pigs housed 
at cool temperatures. 
 
If the rate of lipogenesis was higher in the cool-housed pigs, then it is likely that the rate of 
lipolysis was also higher, explaining why there was no difference between temperature 
treatments  in  total  backfat  mass.  In  contrast,  Kouba  et  al.  (2001)  found  that  lipid 
metabolism  in  the  liver  and  in  adipose  tissue  was  enhanced  in  pigs  housed  at  31 
oC, 
compared to pigs housed at 20 
oC. The pigs housed in the hot environment were fatter and 
the authors suggested at high temperatures the effective reduction of heat production and 
therefore maintenance energy requirements of the pig allowed more energy to be available 
for fat deposition. The effects of temperature on fat metabolism occur indirectly via effects   16 
on energy availability where an increase in substrates available for FA synthesis in turn 
causes an elevated response in lipogenic enzyme activity.   
1
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Figure 1.1 Lipogenesis and Lipolysis pathways in the adipocyte.  
FFA: free fatty acid; FFACoA: thioester; HSL: hormone sensitive lipase; DG: diglyceride; MG: monoglyceride; ACoA: acetyl CoA; ACL : ATP citrate lyase; ACC: acetyl CoA 
carboxylase; MCoA: malonyl CoA; FAS: fatty acid synthase; LPL: lipoprotein lipase.  
Adapted from Albright and Stern (1998) and Dunshea and D’Souza (2003) 
Lipogenesis 
Adipocyte 
Plasma 
Triglycerides 
Glycerol 
 HSL 
Free fatty 
acid pool 
 DG 
 MG 
FFA 
FFA 
FFA 
Glycerol 
Glycerol 
FFA 
Glucose 
 FFA-Albumin 
 FFA-Albumin 
Glucose 
Glycerol -   P  FFA - CoA 
 MG -   P 
DG -   P 
FFA - CoA 
FFA - CoA  Citrate 
Pyruvate 
Glycolysis 
Pyruvate 
TCA 
ACoA 
Citrate 
ACoA 
MCoA 
Mitochondrian 
FFA 
Extracellular space 
FAS 
ACC 
ACL 
 Lipoprotein-TAG 
LPL 
FFA 
Albumin  
  18 
1.3.1.6 Metabolic modifiers  
Metabolic  modifiers, such as pST and  β–adrenergic agonists (β-agonists), alter lipid 
accretion in growing pigs (Dunshea et al., 1992; Dunshea, 1993; Harris et al., 1993; 
Kramer et al. 1993; Rehfeldt et al., 1994) via reduced de novo lipogenesis (Dunshea et 
al., 1992; Harris et al., 1993; Kramer et al., 1993; Rehfeldt et al., 1994). The reductive 
effect  of  pST  on  lipogenesis  occurs  via    the  reduction  of  glucose  uptake  by  the 
adipocyte (Dunshea et al., 1992) and by reducing the activity of several key lipogenic 
enzymes, including ACoACBX and G6PDH (Dunshea et al., 1992; Harris et al., 1993). 
There is evidence that the action of somatotropin, including pST, on lipogenesis occurs 
through  altering  the  animal’s  sensitivity  to  insulin  (Dunshea,  1993;  Pethick  and 
Dunshea,  1996).  The  effects  of  pST  and  β-agonists  on  lipolysis  are  less  apparent 
(Dunshea, 1993) or negligible (Kramer et al., 1993). The manipulation of fat content via 
effects on lipogenesis alone, clearly demonstrates the significance of lipogenesis to total 
fat  accretion.  The  manipulation  of  lipogenesis  by  the  administration  of  metabolic 
modifiers (Dunshea et al., 1992; Eggert et al., 2001; Ramsay et al., 2001) alters the FA 
profile of fat and lean tissue because a greater proportion of preformed FA of dietary 
origin  are incorporated into the tissue rather than FA synthesised de novo (Dunshea et 
al., 1992). Consequently, there is a reduction in the ratio of SFA (Kramer et al., 1993) 
and an increase in the ratio of PUFA (Nürnberg et al., 1998). 
 
The inclusion of conjugated linoleic acid (CLA) in the diets of growing pigs can reduce 
carcass fat (Dugan et al., 1997; Ostrowska et al., 1999). This occurs via diminished 
rates of de novo lipogenesis (Ostrowska et al., 1999; Ostrowska et al., 2003), possibly 
through reduced LPL activity (Dunshea and D’Souza, 2003), and altered stearoyl-CoA 
desaturase enzyme activity in fat tissue (Smith et al., 2002), which is a rate limiting step 
in FA elongation. In contrast to treatment with pST or β-agonists, pigs fed CLA have 
increased ratios of SFA in adipose, including belly fat (Eggert et al., 2001), and muscle 
tissue (Ramsay et al., 2001).  
 
1.3.2  Other roles of adipose to the animal 
Adipose tissue, particularly in the subcutaneous depot, can play a significant role in 
thermal insulation of the animal. For example, marine animals such as the seal develop 
a very thick 'blubber' layer in which thermal insulation can be adjusted via changes to 
circulation (Kvadsheim and Folkow, 1997). The insulatory role of subcutaneous fat in 
pigs is highlighted by the fact that although pigs do not have thick fur or wool to help  
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conserve heat in cold weather conditions against the weather like cattle and sheep, they 
do have a better-developed subcutaneous depot than ruminants. The role of thermal 
insulation is further demonstrated when comparing pigs raised in a cool environment to 
those raised in a hot environment. Pigs in cool environments, with ad libitum access to 
feed, have thicker subcutaneous fat and reduced levels of leaf fat compared to pigs fed 
ad libitum and housed in a hot environment (Sugahara et al., 1970; Lefaucheur et al., 
1991; Rinaldo et al., 2000; Kouba et al., 2001). 
 
Adipose tissue was long considered to be a passive, inactive tissue, however within the 
last decade it has been discovered that it plays an active role in energy regulation (Kim 
and Moustaid-Moussa, 2000). Adipocytes have been found to influence the metabolic 
activity of adipose tissue via endocrine, paracrine and autocrine signals (Mohamed-Ali 
et al., 1998). Research has also implicated the adipocyte in immune activity, where the 
adipocyte secretes a variety of polypeptides known to play a role in immunological 
responses, vascular diseases and appetite (Gregoire et al., 1998). Adipose is also a store 
for fat-soluble vitamins such as vitamins A, D, E and K.  
  
1.4  FACTORS AFFECTING PARTITIONING OF ENERGY TO LEAN AND 
FAT TISSUE DEPOSITION  
1.4.1  Animal growth 
The  growth  of  animals  can  be  considered  as  an  increase  in  body  mass  with  time 
(Whittemore, 1994), and as a change in form or composition, resulting from different 
growth rates of the component parts (Williams, 1982) namely, bone, muscle and fat. 
The growth rates of the lean and fat components are primarily determined by nutrition, 
genotype and sex, however physiological and environmental factors also contribute.  
 
Genotype sets the potential an animal has for growth under ideal conditions, in terms of 
maximum  growth  rate  and  mature  body  size.  Larger  breeds  have  a  greater  growth 
potential than smaller breeds of the same species, for example the fast growing, late-
maturing  pig  breed  Large  White,  compared  to  the  slower  growing,  smaller,  early 
maturing Berkshire (Fagan, 1966). There is also a difference in growth potential, and 
hence growth rate, within breeds and between the sexes. Entire males have a greater 
potential for growth and a larger mature body size than females.  
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As an animal grows the proportions of fat : lean : bone in the body change (Figure 1.2, 
Figure 1.3) and hence the growth path that an animal follows, determined by growth 
rate and variation in growth rate, affects body composition. The deposition rate of lean 
tissue is greatest for animals during early life, at lower body weights, whereas as weight 
increases deposition rate slows and the ratio of lean tissue relative to LW declines. Fat 
deposition, on the other hand, increases with LW and therefore, under normal nutrition, 
an animal generally becomes fatter as it ages. However, at a given carcass weight there 
can be wide variations in fatness due to animal factors, nutrition (Shorthose, 1990) and 
environment. The weight of the bone gradually increases as the animal grows, however 
in  proportion  to  total  LW,  bone  declines  steadily  after  birth.  When  comparing  lean 
genotypes  between  meat  species,  pork  carcasses  have  a  higher  percentage  of  fat 
compared to beef and sheep carcasses, 22 versus 16 and 14% respectively. Percentage 
lean however, is quite similar between species at 67% for pork, 66% for beef and 64% 
for sheep carcasses (Davies, 1989).  
 
 
 
 
 
 
 
 
 
 
 
When growth conditions are altered primarily through changes to energy availability, 
via  nutrition  or  environment,  the  deposition  rates  of  lean  and  fat  tissue  and  the 
proportion that each tissue contributes to total gain is altered. With increasing energy 
intake, providing other nutrients are not limiting, the rates of protein and fat deposition 
increase linearly (Campbell et al., 1984; Bikker et al., 1995; King et al., 2004), however 
the deposition of fat increases at a greater rate than protein within the carcass so the 
proportion  of  fat  increases  with  increasing  energy  intake  (Standing  Committee  on 
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Figure 1.2 Proportions of muscle, fat and 
bone throughout the growth of an animal 
(adapted from Wagner et al., 1999) 
 
Figure  1.3  Change  in  percentage  body 
composition  as  a  function  of  maturity 
(Thompson et al., 2001) 
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Agriculture,  1990;  Bikker  et  al.,  1995).  Pigs  have  a  maximum  capacity  for  protein 
deposition  which  is  determined  by  genotype  and  sex,  but  environment  may  present 
additional constraints (Standing Committee on Agriculture, 1990; Whittemore, 1994; 
Möhn and De Lange, 1998; de Lange et al., 2003; King et al., 2004; Weis et al., 2004). 
When  nutritional  intake  allows  this  to  be  achieved  the  rate  of  protein  deposition 
plateaus, yet the rate of fat deposition continues to accelerate (Campbell et al., 1984). 
 
When conditions limiting the growth of pigs are moderate, and as long as other nutrients 
such as protein are not limiting, the deposition of fat tissue can be more sensitive to 
changes in energy availability than lean and bone. Black (1974) illustrated in lambs that 
there was a greater decline in the ratio of fat in total gain relative to the ratio of protein 
in gain when metabolisable energy (ME) intake approached maintenance levels. Similar 
responses in fat deposition occur when dietary energy intakes are adjusted for growing 
pigs (Campbell and Taverner, 1988; Godfrey et al., 1991; Leymaster and Mersmann, 
1991; Bikker et al., 1995; Weis et al., 2004), while the deposition of protein and the 
development  of  bone  remains  relatively  unchanged  (Kempster  and  Evans,  1979; 
Campbell  and  Taverner,  1988;  Godfrey  et  al.,  1991;  Weis  et  al.,  2004).  Periods  of 
inadequate nutrition lead to a loss of fat  from  all major depots, however there is  a 
tendency for a preferential loss from the subcutaneous depot (Vernon, 1986; Kolstad et 
al., 1996). 
 
1.4.2  Adipose tissue development 
The mass of adipose tissue in an animal at any particular time is dependant on the 
number and size of the lipid filled adipocytes. Single or small groups of fat cells are 
normal constituents of loose connective tissue, but if the tissue consists almost entirely 
of fat cells that are organised into lobules, then this is adipose tissue. Lobules of fat cells 
are separated from each other and supported by partitions of loose connective tissue 
known as septa. Strands of septa collectively form the stroma which is responsible for 
carrying  blood  vessels  and  nerves  into  the  tissue,  bringing  capillaries  into  intimate 
contact with fat cells (Lawrence and Fowler, 1997). The proportion of cells in adipose 
tissue which are not adipocytes is very low, around 0.05. The lipids found in the tissue 
are  of  two  basic  types,  those  that  are  an  integral  part  of  the  cell  structure,  mostly 
phospholipids, and those that form reserves of energy in depot fats, mostly triglycerides. 
The ratio of fat cells and connective tissue in adipose tissue is variable depending upon 
age, sex, breed and environmental factors (Metz, 1985). Adipose tissue of the young  
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contains  higher  proportions  of  water  and  connective  tissue,  and  there  are  large 
interstitial spaces between, and around, adipocytes relative to mature adipose (Hausman 
and Martin, 1981). During growth, adipose tissue increases in size as lipids of dietary 
origin are deposited, and the lipid proportion increases (Lawrence and Fowler, 1997). 
Lipid  accounts  for  about  75-90%  of  the  total  wet  weight  of  adipose  and  is  located 
almost entirely inside adipocytes. Water content varies inversely with fat content and 
comprises 5-20% of the total mass. Other cells such as fibroblasts and precursor fat cells 
are also present and are generally in close proximity to the capillary network (Tume and 
D'Souza, 1999). 
 
Fat development has a prenatal and postnatal phase, and the relative importance of these 
two stages varies between species. In man, there is extensive deposition of fat during the 
foetal phase that occurs mainly during the last trimester of gestation, and at birth the 
body of a human baby contains about 16% fat. Newborn ruminants generally have 2-4% 
body  fat,  whereas  in  the  pig  there  is  very  little  development  of  fat  depots  during 
gestation  and  the  piglet  is  born  with  just  over  1%  body  fat,  most  of  which  has  a 
structural function (Leat and Cox, 1980). In the pig only multilocular adipocytes, which 
contain a number of lipid droplets, are present before birth (Mersmann et al., 1975), 
however shortly after birth there is a rapid accumulation of lipid (Metz et al., 1985) and 
unilocular  adipocytes  are  formed,  that  is,  cells  that  contain  one  large  lipid  droplet 
(Mersmann et al., 1975; Mersmann, 1990). Observations in young pigs by Mersmann et 
al. (1975) indicated that within the first few weeks of postnatal life there was a rapid 
increase in adipocyte size, which was accompanied by an increase in the size of the 
central lipid droplet and an increase in the triglyceride content of the cell. Within one 
week of birth, the body fat in piglets can increase to 7%, and by two weeks can increase 
to 12-15% (Manners and McCrea, 1963). In unimproved pig genotypes carcass fat was 
as high as 40-45% at six months of age and about 91 kg LW (Manners and McCrea, 
1963; Richmond and Berg, 1971; Reeds et al., 1993). Today, at six months of age and 
around 110 kg LW, carcasses from improved commercial genotypes can contain less 
than 25% fat. D’Souza et al. (2004) found that crossbred commercial gilts weighing 107 
and  112  kg  LW,  which  were  not  treated  with  metabolic  modifiers,  had  carcasses 
containing 16 and 19% fat, respectively. Likewise, Suster et al. (2005) found carcasses 
from commercial crossbred gilts weighing 113 kg LW and not treated with metabolic 
modifiers contained 24% fat.  
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There  are  two  types  of  adipose  tissue  that  occur  and  they  are  morphologically  and 
metabolically distinct from each other, even though both types of tissue develop from a 
common, or very similar, precursor cell (Lawrence and Fowler, 1997). White adipose 
tissue (WAT), the major fat depot of adult animals, acts as the major storage site for 
energy. Brown adipose tissue (BAT) occurs in most newborn mammals and its primary 
role is to release FA that are oxidised in situ to produce localised heat by non-shivering 
thermogenesis. Non-shivering thermogenesis plays a critical role in maintaining body 
temperature  during  the  critical  period  immediately  after  birth  and  occurs  in  small 
quantities at specific sites in the newborn. In the rat, BAT is found primarily in the 
interscapular region, with small amounts in the dorsal midline region of the thorax and 
abdomen (Albright and Stern, 1998). In newborn ruminants the distribution is more 
widespread with major deposits in the perirenal areas. In most baby mammals, including 
humans, there is an increase in the relative amount of WAT and a decrease in BAT 
during the initial postnatal stage. Lambs generally lose their capacity for non-shivering 
thermogenesis  within  the  first  10  days  after  birth,  unless  they  are  exposed  to  cold 
conditions  and  then  the  transition  can  be  delayed  for  up  to  several  weeks  (Vernon, 
1986). Hibernating animals maintain depots of BAT throughout life as it remains an 
important regulator of body temperature during the hibernation period (Albright and 
Stern, 1998). Newborn pigs are the exception to the rule as they do not have BAT (Leat 
and Cox, 1980) and therefore there is a need for pigs to increase fat reserves rapidly 
after birth.  
 
1.4.2.1   Adipocytes 
Triglycerides are made up of three FA attached to a glycerol backbone and are a stable 
form of energy storage. Energy is sourced from this molecule through the release and 
transport of FA into the blood stream to the liver and peripheral tissues for subsequent 
utilisation  (Section  1.3.1).  Triglycerides  are  stored  in  adipocytes.  Mature  adipocytes 
have a classical sygnet ring appearance, with a compressed ring of cytoplasm and a 
peripheral nucleus (Leat and Cox, 1980). Most of the intercellular space is a unilocular 
vacuole of lipid, consisting almost entirely of triglyceride (proportionately 0.98 - 0.99) 
(Lawrence and Fowler, 1997).  
 
It is well established that adipocytes do not divide but rather are derived from cells 
which  morphologically  cannot  be  distinguished  from  fibroblasts  (Vernon,  1986; 
Gregoire et al., 1998) and do not contain any morphological or enzymic markers that  
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can be used to determine whether they will become adipocytes (Albright and Stern, 
1998). There are two stages in development before the true adipocyte is formed i) the 
development  of  adipoblasts  and  ii)  the  development  of  pre-adipocytes.  Small 
undifferentiated  mesenchyme  cells  that  are  destined  to  form  adipocytes,  called 
adipoblasts, have no lipogenic enzymes and do not contain lipid droplets. The points of 
time  at  which  adipoblasts  either  differentiate  or  proliferate  are  not  well  understood, 
however mechanisms that can induce adipocyte differentiation have been extensively 
examined in vitro (Gregiore et al., 1998). Combinations of hormones and growth factors 
(Figure 1.1) modulate adipocyte differentiation, however in vitro different species show 
different responsiveness to the various agents tested (Vernon, 1986), and the effects are 
somewhat dependant on the pre-adipose cell culture and the systems used (Gregiore, 
1998). When adipoblasts begin to differentiate they are termed pre-adipocytes. The cells 
are small relative to the true adipocyte but contain lipogenic enzymes and lipid droplets 
(Lawrence and Fowler, 1997). The pre-adipocyte maintains the capacity for growth but 
for the cell to differentiate into a true adipocyte growth must arrest. When growth stops, 
the  pre-adipocyte  converts  to  a  spherical  shape,  accumulates  lipid  droplets  and 
progressively acquires the morphological and biochemical characteristics of the mature 
white  adipocyte  (Gregiore  et  al.,  1998).  The  stepwise  process  of  adipogenesis  is 
illustrated in Figure 1.4. 
 
Adipogenesis occurs primarily during the prenatal stage (Mersmann, 1990) with varying 
levels continuing, depending on species, postnatally and into the early growth period. At 
different prenatal stages the various fat depots exhibit evidence of adipogenesis, via the 
presence of the pre-adipocyte.  In lambs, pre-adipocytes have been found during the 
second  month of  gestation (at about 40% of the  gestational period) in the perirenal 
regions and the third month of gestation in the subcutaneous regions (Vernon, 1986). In 
the pig, the earliest that pre-adipocytes have been noted is about 50 to 65% into the 
gestational  period  (Leat  and  Cox,  1980;  Mersmann,  1990),  that  is,  around  the  third 
month of gestation.  
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Figure 1.4.  A summary of the steps involved in adipogenesis and some of the factors 
which promote (+) or inhibit (-) the processes involved. (Adapted from Vernon, 1986) 
 
Evidence  suggests  that  in  meat  animals,  adipose  tissue  increases  primarily  though 
hyperplasia  prenatally  and  hypertrophy  postnatally.  Hausman  and  Kauffman  (1986) 
reviewed work where the estimated number of adipocytes in the mature pig were similar 
to the number of pre-adipocytes and adipocytes present in the newborn pig. This was 
interpreted as evidence that the major portion of the full complement of subcutaneous 
adipose cells in pigs is attained before birth. In agreement, Mersmann et al. (1973) 
found in 9-day-old piglets there was a decrease in the proportion of small cells and a 
general increase in cell size, compared to new-born piglets, as fatness increased with 
age. For lambs, the differentiation of cells into pre-adipocytes is completed early in life 
therefore the increase in body fat during the growing stage is caused by hypertrophy,  
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and  not  hyperplasia  (Payne  and  Watkins,  1997).  Similarly,  Hood  and  Allen  (1973) 
found that Hereford steers aged 8 and 14 months had similar numbers of adipocytes and 
concluded that the formation of pre-adipocytes was completed by eight months of age. 
In contrast, and for rats, hyperplasia can continue throughout life as demonstrated by 
Klyde and Hirsch (1979) when obesity was induced in adult rats by feeding high fat 
diets.  The  inability  to  identify  undifferentiated  pre-cursor  cells  destined  to  become 
adipocytes  has  meant  that  determining  the  true  pattern  of  hyperplasia  in  growing 
animals  is  difficult.  It  is  not  clear  whether  continued  fat  accretion  involves  the 
recruitment and filling of adipocytes that have already been differentiated, or increased 
hyperplasia to produce more differentiated cells (Mersmann, 1990).  
 
Hausman and Kauffman (1986a) proposed a two-phase process of adipocyte formation 
in  pig  subcutaneous  adipose  tissue.  This  is  supported  by  the  average  diameters  of 
developing adipocytes in the backfat of pigs, which do not follow a normal distribution, 
but a biphasic pattern (Mersmann et al., 1973, Mersmann et al., 1975). In the initial 
phase, pre-adipocytes proliferate, are arranged into cell clusters and lipid accumulation 
proceeds rapidly. In the second phase, a second wave of pre-adipocytes proliferate in 
adipose tissue (postnatal) although lipid filling may be slow to non-existent during the 
first months of growth in the pig. Piglets severely restrict-fed during suckling, so that 
daily gain did not exceed 30 g/day during the first four weeks of life, had less total 
subcutaneous fat at 24 weeks of age compared to pigs that suckled normally as piglets, 
however the total number of adipocytes in the subcutaneous depot remained similar 
(Lee  et al., 1973a). These results demonstrate that a  major portion of  subcutaneous 
adipocytes are present at birth and suggest that the first phase of lipid accumulation may 
be more important to the pig in terms of ultimate adipose mass accretion (Hausman and 
Kauffman, 1986), and that an effective time to manipulate fat deposition in the pig may 
be during early growth.  
  
Adipocyte size varies between the different fat depots and may reflect the differences in 
development of the various depots during growth (Section 1.4.3). Johnson and Hirsch 
(1972) found that in both normal and obese mice, adipocytes from the retroperitoneal 
and gonadal sites were larger compared to adipocytes from the subcutaneous depot. In 
cattle, the hierarchy of adipocyte size is the omental depot being the largest then (in 
order of reducing size) perirenal, subcutaneous and intermuscular depots. When cells 
are large such as in the omental fat surrounding the kidneys, the lipid content of the  
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depot  is  higher  (Davies,  1989).  Eguinoa  et  al.  (2003)  suggests  this  is  because 
hyperplasia  is  largely  complete  in  abdominal  depots  at  an  earlier  age,  whereas 
hyperplasia may continue in the other depots well into the fattening period.  
 
Genotype also influences adipocyte development. Hausman and Martin (1981) found 
adipoctye hypertrophy to be minimal during the first few weeks of life in lean pigs, 
while fat cell size nearly tripled in the obese pigs. Steele et al. (1974) found that at a 
constant  weight  or  constant  age,  genetically  obese  pigs  had  a  higher  number  of 
adipocytes and larger adipocyte size compared to genetically lean pigs. 
 
1.4.3  Fat depot 
Adipose tissue is deposited in specific depots which are similar for all mammals. These 
depots  are  internal,  which  includes  perirenal,  mesenteric,  omental  and  peritoneal; 
intermuscular;  subcutaneous;  and  intramuscular  (Pethick  and  Dunshea,  1996).  The 
distribution of fat between depots varies between the domesticated meat species. Pigs 
tend to have a greater proportion of total fat in the subcutaneous depot, compared to 
cattle and sheep, and the subcutaneous fat layer is more uniform (Berg and Walters, 
1983). In the pig, the subcutaneous fat accounts for between 50-80% of total fat weight 
(Jones et al., 1980; Wood et al., 1983; Kolstad et al., 1996; Kouba et al., 1999; Kolstad, 
2001) while intermuscular fat makes up about 16% of total fat weight (Jones et al., 
1980). For fattened cattle and sheep the contribution of intermuscular fat to the total fat 
mass is more than subcutaneous fat (Johnson et al., 1972).  
 
There are conflicting reports on the pattern in which the various fat depots develop. 
McMeekan (1940) and Johnson et al. (1972) reported that internal fat depots in growing 
pigs were early-developing whilst intermuscular and intramuscular fat depots were later 
maturing.  Davies  and  Pryor  (1977)  found  that  no  significant  differences  in  the 
partitioning of fat between the various depots for pigs grown from 7 to 62 kg LW. 
Results  from  Cianzio  et  al.,  (1982)  concluded  that  internal,  intermuscular  and 
intramuscular fat could not be considered as early-maturing depots.  This was supported 
by  Kolstad  (2001)  who  found  that  the  intermuscular  and  intramuscular  depots 
developed later than subcutaneous fat in pigs grown from 10-105 kg LW. In agreement, 
Lee et al. (1973a) found that the intramuscular depot developed later, however Kouba et 
al. (1999) concluded that the development of the intermuscular depot was determined at 
an early stage, before 20 kg LW.   
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The pattern of development of the body is more clear, with the distal limbs developing 
early  and  the  trunk  of  the  body  tending  to  developing  during  growth  in  a  caudal 
direction (McMeekan, 1940). There is recent evidence to suggest that fat development 
in pigs, no matter what depot, occurs in a similar pattern to overall body development 
(Fisher et al., 2002). Fortin (1986) found that for subcutaneous fat, the development of 
fat relative to total backfat weight was early in the shoulder, late in the region from the 
5/6 rib to the last rib and intermediate for the ham.  
 
There is significant between breed variation in carcass fat depots and therefore carcass 
quality (Jones et al., 1980). The European white breeds, Landrace and Large White, are 
lean  and  fast  growing.  The  Duroc  breed,  however,  is  associated  with  higher 
concentrations of IMF relative to backfat. Kolstad et al. (1996) found that Durocs had 
more  IMF,  2.26  versus  1.9  kg  (P<0.01),  but  less  internal  fat,  2.20  versus  2.58  kg 
(P<0.001), than Landrace pigs, but there were no differences between the amounts of fat 
in  the  subcutaneous  depot.  Comparisons  between  breeds  and  selection  lines  have 
revealed that the distribution of fat over different locations hardly depends upon breed. 
For example, the proportion of subcutaneous fat decreases somewhat with increased 
leanness, irrespective of breed, sex or feed effects (Metz, 1985). Nold et al. (1999) 
found differences in the amount of ether extractable fat in muscle from boars versus 
gilts versus barrows. Across all muscles, boars had a lower fat content than gilts or 
barrows and the magnitude of the differences were increased at heavier weights.  
 
1.4.4 Growth path 
Variations in growth paths, leading to the same endpoint in slaughter weight or age, can 
cause differences in body composition because changes in the proportional growth of fat 
and lean depots occur during the maturation of the animal. Under normal nutrition, the 
whole-body protein mass of a growing pig increases in a linear fashion (Whittemore et 
al., 2003). The accretion rate of lean tissue increases rapidly after birth, plateaus and 
then  begins  to  decline.  The  LW  at  which  these  changes  in  deposition  occur  varies 
depending on genotype. Shields et al. (1983) found for crossbred pigs (Hampshire x 
Yorkshire x Duroc) that lean tissue accretion rate increased rapidly to about 20 kg LW, 
plateaued, then declined after about 50 kg LW. More than a decade later, Schinckel et 
al. (1996) found genotypes with high growth rates had a greater increase in protein 
accretion rate to about 50 kg LW and then a greater decline in protein accretion rate  
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from 70 to 120 kg LW compared to slower growing genotypes, where the rate of protein 
accretion was consistent between 40 to 90 kg LW.  For a growing pig fed adequately, 
whole-body  fat  mass  and  the  rate  of  fat  deposition  increases  exponentially  during 
growth and the ratio of fat deposited relative to lean increases with LW (Richmond and 
Berg, 1971; Wenk et al., 1980; Tuitoek et al., 1997; Whittemore et al., 2003). 
 
Energy  and  protein  are  the  major  dietary  requirements  for  lean  tissue  deposition  in 
animals and either can act as a limiting factor (Standing Committee on Agriculture, 
1990). The protein to energy ratio of a diet primarily determines the rate of protein and 
lipid deposition in the pig’s body (Szabó et al., 2001). A clear description of the two-
phase  relationship  between  protein  deposition  in  the  growing  animal  and  intake  of 
protein and energy was given by Standing Committee on Agriculture (1990). First, there 
is an initial protein dependant phase in which protein deposition responds linearly to 
increased  protein  intake  and  is  unaffected  by  energy  intake.  Second,  an  energy 
dependant phase in which additional protein is deposited only if energy intake increases. 
The rate of fat deposition can increase if protein availability is limiting or if nutrition is 
in  excess  of  the  requirements  for  maximum  protein  deposition  rates.  In  both  cases, 
excess energy becomes available for fat deposition.  
 
As  the  accretion  rates  of  fat  and  lean  tissue  change  during  growth,  the  pig’s 
protein:energy requirement also changes. As a result, the time at which a nutritional 
change occurs can determine whether the nature of the restriction is that of simply an 
energy  restriction  or  of  a  combined  energy  and  nutritional  restriction,  where  other 
factors,  in  particular  amino  acids,  are  limited.  The  nature  of  the  restriction  then 
determines whether the deposition of lean or fat tissue, or both, is affected. The classic 
work of McMeekan (1940) demonstrated that when growing pigs were fed to the same 
LW on either a high- or low-plane of nutrition that pigs on the high nutritional plane 
were  fatter  than  those  grown  under  nutritional  restriction  (Cole  and  Chadd,  1989). 
Campbell and Dunkin (1983) demonstrated the effect of limiting protein intake on tissue 
deposition where young pigs fed low protein diets between 1.8 and 15 kg LW were 
found to have less lean tissue but were 150% fatter compared to pigs fed sufficient 
protein. Animals with rapid growth early in life, followed by restricted growth later in 
life, are leaner than those that are grown without restriction (Ramaekers et al., 1996). 
The decline in the proportion of lean and the increase in the proportion of fat deposited 
in  total  gain  with  increasing  age  (Fig.  1.3  and  1.4)  suggests  that  an  animal  with  
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restricted growth early in life followed by rapid growth later would be fatter than an 
animal  with  unrestricted  growth.  However  studies  investigating  the  pattern  of  early 
restricted growth, followed by rapid growth later in life, have found that at slaughter, 
pigs were leaner (Bikker et al., 1996a; Bikker et al., 1996b), or body composition did 
not differ (Whang et al., 2000), compared to pigs that had experienced uninterrupted 
growth. Bikker et al. (1996a) and Bikker et al. (1996b) concluded that the higher lean 
and  lower  fat  content  of  restrict  then  re-fed  pigs  observed  at  slaughter  was  not  in 
response to the re-feeding during the late growth period, but was a residual effect from 
the early restriction. Moreover, pigs restrict-fed during early growth then re-fed had 
lower  levels  of  body  fat  than  unrestricted  pigs  when  slaughtered  at  90  kg  LW,  but 
during the re-feeding period the rate of lean and fat deposition was elevated (Campbell 
and Dunkin, 1980). It may be reasonable to assume that if the pigs in this experiment 
were grown to heavier weights, then those that had been restricted early would have 
been fatter than pigs in the control group. In support, Donker et al. (1986) and Hornick 
et al. (2000) found restricted then re-fed pigs had elevated food intake compared to 
normally  fed  pigs  and,  after  an  initial  compensatory  growth  response  (discussed  in 
Section  1.4.4.1)  if  elevated  feed  intake  levels  were  maintained,  fat  deposition  was 
increased and pigs were fatter at slaughter.  
 
In commercial production it is in the best interest of the producer to provide adequate 
nutrition to the pig to maintain a positive energy balance and therefore maintain high 
levels  of  growth.  The  appetite  of  pigs  however  can  be  sensitive  to  environmental 
changes and therefore a reduction in appetite can impose a food intake restriction, hence 
growth path can be altered. 
 
1.4.4.1 Compensatory growth 
McMeekan (1940) and Bohman (1955) demonstrated in pigs and cattle, respectively, 
that  when  animals  were  allowed  to  return  to  ad  libitum  intake  after  a  period  of 
restriction, their growth rate was accelerated. A compensatory growth response may 
occur when a period of adequate, or improved, nutrition follows a significant period of 
poor nutrition. The response is characterised by elevated food intake, above what would 
be considered to be normal for that particular animal, and elevated rates of gain and 
improved feed conversion (Campbell et al., 1983; Whang et al., 2003). The improved 
feed conversion can be explained by a reduction in the maintenance requirements of 
animals in response to the previous restriction, therefore when the restriction is lifted a  
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greater proportion of energy becomes available for growth.  Compensatory responses 
can be complete or partial (Bohman, 1955; Donker et al., 1986; Crister et al., 1995) and 
the  degree  of  the  response  is  determined  by  the  age  of  the  animals  undergoing  the 
restriction (Bohman, 1955), the severity and duration of the restriction (Hornick et al., 
2000) and the quality and quantity of the recovery diet (Campbell et al., 1984; Crister et 
al., 1995). The nature of the restriction to cause a compensatory response does not apply 
exclusively to energy intake. Data of Campbell and Biden (1978) demonstrated that 
when pigs were fed a protein adequate diet, after receiving low protein diets between 
5.5 and 20kg LW, growth rate and feed conversion were improved and there were no 
carcass differences compared to pigs previously fed protein adequate diets. Campbell 
and Dunkin (1983) and Whang et al. (2003) also recorded compensatory response in 
growing pigs to improved protein nutrition, however, the response was considered as 
partial because the previously restricted pigs were unable to ‘catch-up’ in terms of LW 
for age.  
 
Compensatory growth responses have been found to improve carcass lean content in 
pigs (Whang et al., 2000; Whang et al., 2003), however this occurs more often when 
growth restriction is imposed via low protein diets (de Greef et al., 1992; Whang et al., 
2003).  When  energy  intake  is  restricted,  elevated  protein  deposition  during 
compensatory growth is predominantly due to an increase in viscera protein (Bikker et 
al.,  1996a;  Bikker  et  al.,  1996b;  Fischer  et  al.,  2001).  However,  Therkildsen  et  al. 
(2002) found protein synthesis was elevated. in the lean tissue of growing pigs in the 
days  following  a  switch  from  restrict  to  ad  libitum  feeding.  Whittemore  (1993) 
proposed that pigs maximise protein growth in times of nutritional adequacy and that 
they have no interest in compensatory fat  gain  beyond the re-achievement of target 
fatness. Therefore, during and for a short while after the compensatory response, the 
deposition of protein:fat will be higher,  and the carcass leaner. However, continued 
elevated  food  intake  following  the  initial  compensatory  period  of  increased  protein 
deposition, results in increased fat deposition (Hornick et al., 2000).  
 
1.4.5  Nutrition 
The most common factor to influence the growth path of animals is the total intake of 
nutrients, which can be affected by the level of food intake or the nutritional quality of 
the diet. Cole and Chadd (1989) demonstrated that level of food intake in growing and 
finishing pigs was an important determinant of performance and carcass quality and that  
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variation  in  appetite  was  associated  with  variation  in  carcass  fatness  and  therefore 
carcass quality. McMeekan (1940) demonstrated the effect of food intake on carcass 
composition when animals grown on a high or low plane of nutrition, determined by 
feeding level, were compared. Pigs grown on the low plane of nutrition had a higher 
ratio of lean in relation to fat than those grown on the high plane of nutrition.  
 
1.4.5.1 Balance of energy:protein 
The nutrition an animal receives provides the substrates, primarily in the form of energy 
and protein, for growth and hence determines the growth rates of the different tissue 
components  within  the  body.  Both  protein  and  energy  are  required  for  lean  tissue 
growth  and  either  can  act  as  a  limiting  factor  (Standing  Committee  on  Agriculture, 
1990).  As  an  animal  grows  and  matures  the  required  balance  between  energy  and 
protein for maximum lean growth changes. An increase in size and/or age is coupled 
with a proportional decrease in the protein:energy requirement for maximum lean tissue 
deposition to be maintained. The deposition of lean is particularly expensive in terms of 
energy cost, so for available protein to be utilised it must also be accompanied by an 
adequate level of energy. Feeding a diet where protein:energy is below requirements 
will increase fat deposition as the excess energy which can not be utilised in lean tissue 
deposition is deposited as fat (Campbell et al. 1984; Tuitoek et al., 1997). The amino 
acid balance of the protein is also important as an imbalance in the amino acid profile 
results in the catabolism of excess amino acids and their incorporation into additional 
fat deposition (Dunshea and D'Souza, 2003).  
 
1.4.5.2 Dietary fat 
Fats are important in energy nutrition as they are more energy dense than other types of 
nutrients (Pettigrew and Moser, 1991). This makes fat an attractive additive to diets for 
newly-weaned pigs because the increased energy density of the diet can alleviate the 
negative impact of low levels of food intake on post-weaning growth. Moreover, the 
addition of fat to diets can be used to improve the growth performance of pigs housed in 
hot environments. When ambient temperatures exceed the thermal comfort zone (TCZ) 
of pigs (Section 1.4.7) the immediate response is a suppression of appetite. In growing 
pigs  food  intake  can  decrease  by  0.12  kg  for  every  1 
oC  increase  above  a  base 
temperature of 23 
oC (Korthals et al., 1997) and, in finishing pigs, intake can be reduced 
by 13% and 26% at 33 
o C and 35 
o C respectively (Nienaber et al., 1996). In addition to 
increasing  the  energy  density  of  the  diet,  fat  has  a  lower  heat  increment  than  
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carbohydrate (Katsumata et al., 1996) and therefore can be deposited in tissue more 
readily under hot conditions. The addition of fat to pig grower-finisher diets improves 
daily gain and feed conversion, however it can also increase carcass fatness (Pettigrew 
and Moser, 1991), in particular, subcutaneous backfat and internal fat (Katsumata et al., 
1996).  
 
As discussed previously (Section 1.3), the formation of triglycerides for fat deposition 
occurs  primarily  through  de  novo  synthesis  of  FA  from  glucose.  However,  FA 
incorporated into triglycerides may be preformed from a dietary origin. Freeman (1984) 
reviewed the digestion and absorption of fats in non-ruminants and in short, dietary fats 
are broken down by a number of lipolytic enzymes throughout the digestive tract. The 
primary products of the lipolysis are 2-monoglycerides and FFA. Short-chain FFA are 
bound to albumin and transported directly into the adipocyte. Medium-chain FA are 
transported from the intestine, via the lymphatic system as chylomicrons.  
 
1.4.5.3 Dietary Fibre 
A widely accepted definition of dietary fibre (DF) was developed by Trowell et al. 
(1976) where DF was described as the sum of polysaccharides and lignin which are not 
digested  by  the  endogenous  secretions  of  the  gastrointestinal  tract.  Montagne  et  al. 
(2003)  further  explained  DF  as  any  polysaccharide  reaching  the  hind-gut,  which 
includes resistant starch and soluble and insoluble non-starch polysaccharides (NSP). 
The  major  polysaccharides  of  NSP  are  cellulose,  pectins,  β-glucans,  pentosans  and 
xylans and there is general agreement that a major portion of these polysaccharides 
leave the small intestine mostly intact and enter the large intestine for  fermentation 
(Montagne et al., 2003). 
 
Ruminants  are  highly  efficient  at  utilising  fibrous  feedstuffs  as  the  rumen  is  a 
specialised  fermentation  compartment  within  the  digestive  system  (Selinger  et  al., 
1996).  The  rumen  is  densely  populated  with  bacteria  and  microbial  enzymes  which 
ferment the feed (Selinger et al., 1996). Also, the rumen has the ability to selectively 
retain large particles until their size is reduced, improving microbial degradation and 
increasing the digestibility of fibre (Sakaguchi, 2003). Volatile fatty acids (VFA) are the 
main products of fermentation and these are absorbed from the rumen and can provide 
more  than  60%  of  the  ruminant’s  daily  ME  requirements  (Rowe,  2001).  Enzymic 
digestion of DF continues in the small intestine in addition to the absorption of amino  
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acids,  lipids  and  small  amounts  of  glucose  obtained  from  the  diet.  Any  remaining 
undigested material is fermented in the hind-gut, providing approximately 5% of the 
energy available to the ruminant (Rowe, 2001). As a non-ruminant species, the pig has 
fewer micro-organisms in the stomach relative to the lower parts of the digestive tract 
(Wenk,  2001),  and  therefore  the  bacterial  fermentation  of  fibre  occurs  almost 
exclusively in the large intestine. Bacterial fermentation produces short chain fatty acids 
(SCFA) (Jørgensen et al., 1996; Johnston et al., 2003) that can provide up to 30% of 
maintenance energy requirements of growing pigs (Varel and Yen, 1997). The extent of 
fermentation, and therefore the energy obtained by the pigs, is variable depending on 
the type and content of DF (Nyman and Asp, 1982; Varel and Yen, 1997). A review 
conducted by Sakaguchi (2003) showed the degree of digestibility between different 
fibre sources was less variable for ruminant species compared to monogastric species.  
 
As mentioned previously, DF consists of a variety of chemical constituents that vary 
widely  between  sources  (Calvert,  1991),  and  therefore  causes  differences  in 
digestibility.  The  chemical  determination  of  fibre  in  feedstuffs  includes  the 
measurement of neutral detergent fibre (NDF), which is a measure of hemicellulose, 
cellulose and lignin, however there are some losses of hemicelluloses and complete 
losses of water-soluble carbohydrates (Low, 1993). A measurement of acid detergent 
fibre (ADF) is also used and this gives a more accurate sum of lignin and cellulose 
content (Low, 1993). The balance of these components, particularly the hemicellulose 
content,  gives  an  idea  of  the  nutritional  value  of  the  fibre  source  to  the  pig.  Fibre 
containing high levels of soluble cell wall contents is more fermentable and therefore 
more digestible than fibre sources containing high levels of lignin and cellulose such as 
straw (Sauer et al., 1991; Noblet and Le Goff, 2001).  
 
The addition of fibre to pig diets dilutes the nutritional and energetic value of that diet 
(Just, 1982; Just, 1984; Stahly and Cromwell, 1986; Calvert, 1991; Chabeauti et al., 
1991; Sauer et al., 1991; Varel and Yen, 1997; Håkansson et al., 2000). Furthermore, 
high levels of soluble fibre can increase the rate of passage of digesta through the small 
intestine (Bach Knudsen and Hansen, 1991; Low, 1993; Wenk, 2001), which for pigs is 
the site where intensive endogenous digestion occurs and most available nutrients are 
absorbed  (Wenk,  2001).  Reduced  transit  time  in  the  small  intestine  results  in  less 
nutrient absorption (Bach Knudsen and Hansen, 1991), however soluble fibre increases  
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microbial activity in the large intestine, increasing SCFA production, hence improving 
nutrient utilisation (Calvert, 1991; Low, 1993; Wenk, 2001). Ultimately however, there 
is an increase in the excretion of bacterially derived energy, protein and fat, via faeces 
(Just, 1982; Bach Knudsen and Hansen, 1991; Noblet and Le Goff, 2001), hence the 
utilisation of nutrients is less efficient than if absorption occurred in the small intestine 
(Just,  1982).  Furthermore,  the  efficiency  of  utilisation  of  ME  produced  from  the 
fermentation of fibre in the large intestine is reduced by around 0.7 units with every 
percentage increase in crude fibre (Just, 1982). 
 
The main products of hind-gut fermentation in pigs are acetate, propionate, butyrate, H2, 
CO2 and CH4 (Varel and Yen, 1997). Yen et al. (2004) reported in Duroc X white 
composite  growing  pigs  the  concentrations  of  acetate,  propionate  and  butyrate 
indicating the molar ratio of SCFA in the hind-gut was around 60:30:10, respectively. 
The relative molar proportions however, vary slightly with DF source and time after 
feeding (Martin et al., 1998; Wang et al., 2004). The concentration of plasma acetate 
increases  in  response  to  increased  levels  of  bacterial  fermentation  in  the  hind-gut, 
stimulated by elevated fibre intake (Yen et al., 2004). Acetate is carried to the liver 
where it can act as an energy substrate for muscle (Montagne et al., 2003), however it is 
also  a  lipogenic  substrate  (Delzenne  and  Kok,  2001),  a  supplier  of  acetyl-CoA 
(Demigné et al., 1995), and therefore a precursor for de novo FA synthesis in adipose 
tissue (Annison and Bryden, 1999). 
 
More commonly it is characteristic for growing pigs fed high-fibre diets (in excess of 
10%) to have reduced growth rates (Håkansson et al., 2000) and often less carcass fat 
(Stahly and Cromwell, 1986; Håkansson et al., 2000; Kreuzer et al., 2002), primarily in 
response to the reduction in energy availability (Just 1984; Noblet and Perez, 1993; 
Low,  1993;  Knowles  et  al.,  1998;  Shriver  et  al.,  2003).  Most  reductions  in  carcass 
fatness  are  recorded  as  reduced  backfat  thickness  (Campbell  and  Taverner,  1986; 
Håkansson et al., 2000; Shriver et al., 2003) or total carcass fat (Metz et al., 1980; Just, 
1984; Knowles et al. 1998), however Gerdemann et al. (1999) and Kreuzer et al. (2002) 
reported a site specific effect of increased fibre intake. There was a reduction in the ratio 
of fat:lean in the belly in response to an increase in the level of fermentable fibre in 
grower and finisher diets. For grower-finisher pigs it is recommended that maximum 
DF  inclusion  levels  do  not  exceed  7-10%  (Kass  et  al.,  1980;  Calvert,  1991).  The 
inclusion of fibre in the diet can be increased as pigs age  without affecting  growth  
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performance and this is related to a reduction in the nutrient requirements of adult pigs 
relative to younger pigs. Also, there is an increase in the capacity of older pigs for food 
intake, allowing the ingestion of more feed to overcome the reduced nutrient density of 
a fibre rich diet. In addition, the ability of pigs to digest fibre also improves with age 
(Noblet and Le Goff, 2001; Johnston et al., 2003; Galassi et al., 2004), however the 
literature does not offer clear explanations for the improvement but it is most likely 
related to better development of microbial populations in the hind-gut of pigs which 
have been exposed to high fibre diets for extended periods of time.  
 
Fat metabolism in monogastric species, including man, is altered by increased intake of 
fibre  sources  high  in  hemicellulose,  as  indicated  by  reductions  in  blood  serum 
cholesterol (Delzenne and Kok, 2001; Kreuzer et al., 2002). Though the mechanisms 
are not clear, there is evidence that the reduction in blood serum cholesterol is related to 
increased  bile  acid  secretion  and  subsequent  changes  in  the  synthesis  and  faecal 
excretion of cholesterol (Bach Knudsen and Hansen, 1991; Lia et al., 1997; Kreuzer et 
al., 2002).  Furthermore, a direct relationship between fibre and fat metabolism has been 
found in rats where specific non-digestible fermentable dietary carbohydrates, such as 
oligofructose,  reduced  de  novo  FA  synthesis  in  the  liver  by  inhibition  of  lipogenic 
enzyme activity, including the activity of ACoACBX and G6PDH (Delzenne and Kok, 
2001).  
 
The  nutritional  value  of  fibrous  foodstuffs  is  greater  for  pigs  housed  in  cool 
environments.  Stahly and Cromwell (1986) fed high-fibre diets (NDF: 14.6%; ADF: 
8.6%), in which energy and nutrients were diluted, to pigs housed in cold, thermoneutral 
and warm environments and found that daily gains were depressed by only 1% in pigs 
housed in the cold environment and 3% and 5% respectively for pigs housed in the 
thermoneutral  and  warm  environment.  The  digestion  and  metabolism  of  fibre  is 
associated with increased heat production and, in a cool environment, the additional 
heat produced may be used by the animal to meet elevated maintenance requirements, 
sparing other nutrients for growth (Noblet et al., 1985; Stahly and Cromwell, 1986; 
Jørgensen et al., 1996; Varel and Yen, 1997).  
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1.4.6  Seasonal variation in growth  
Seasonal differences in growth performance and carcass traits occur in growing pigs. 
The differences are predominantly explained by the effects of ambient temperature on 
the thermal environment and therefore, maintenance requirements, and appetite of the 
growing pig (Matte, 1993; Honeyman and Harmon, 2003; Trezona et al., 2004). During 
winter  months,  pigs  raised  in  outdoor  and  alternative  production  systems  are  often 
leaner  than  conventionally  housed  pigs,  and  can  have  poorer  growth  performance 
(Gentry et al., 2002b; Honeyman and Harmon, 2003; Bee et al., 2004; Gentry et al., 
2004). In particular, young pigs have been found to have poorer growth performance 
when  housed  in  alternative  production  systems  during  winter  months,  compared  to 
counterparts  housed  conventionally  (Matte,  1993).  Differences  in  the  thermal 
environments between the housing systems alter the maintenance energy requirements 
of  the  pig.  Cool  temperatures  would  increase  appetite  in  an  outdoor  or  deep-litter 
production system, however the partition of energy within the growing pig is altered by 
increased  maintenance  requirements  (Whittemore,  1993).  In  the  piglet,  the  physical 
capacity of the animal to consume enough food to meet increased energy demands may 
be limiting (Giles et al., 1998), therefore when maintenance requirements are elevated, 
nutrient intake may not be high enough to maintain growth rate.  
 
During summer months, pigs housed in alternative systems, such as deep-litter shelters 
can perform better than pigs housed conventionally (Honeyman and Harmon, 2003) (see 
Section 1.5.2). An early response of pigs to high temperatures is a reduction in food 
intake  (Sugahara  et  al.,  1970;  Stahly  and  Cromwell,  1979)  and,  in  hot,  diurnal 
environments, pigs adapt their feeding patterns so that eating occurs during the cool 
evening periods (Xin and De Shazer, 1992). In outdoor or deep-litter environments, the 
nature of the production systems means that the temperature of the pig’s environment is 
similar to the external ambient temperature, whereas for conventional buildings (Section 
1.5.1) the building structure can buffer changes in the external ambient temperature. 
During summer months, external ambient temperatures in the evening would cool down 
faster  compared  to  the  temperature  within  conventional  pig  housing,  allowing  pigs 
housed in outdoor or deep-litter environments to experience a longer period of ‘cool’ 
temperatures in which feeding can occur. 
 
Recent studies by Trezona et al. (2004) in conventionally-raised pigs found seasonal 
differences in carcass fatness, as indicated by P2 backfat depth. Differences in carcass  
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weight explained some of the variation in backfat, however a significant amount of 
variation was also explained by season. We concluded that the seasonal differences in 
backfat depth might be explained by the effects of seasonal temperature on food intake 
and the stage of growth at which food intake, and therefore the nutrient intake, of the 
pig was altered. The effect of altering growth, at different stages of development, on 
tissue deposition was discussed earlier (Section 1.4.4), and the effects of temperature on 
pig growth and development are discussed in subsequent paragraphs (Section 1.4.7).  
 
Seasonal patterns in day length may also impact upon the performance of pigs. Oestrus 
and puberty are stimulated in the European wild boar by shorter day lengths (Weiler et 
al., 1996) and there is evidence that signs of seasonality remain in the modern domestic 
pig  (Claus  and  Weiler,  1985;  Hannesson,  2005).  Paterson  and  Pearce  (1989) 
demonstrated that increasing day length (via increased photoperiod) delayed the onset 
of  puberty  in  gilts.    The  benefits  of  manipulating  day  length  for  pigs  intended  for 
slaughter are variable as often the effects of lighting period are related to reproductive 
development (Ntunde et al., 1979). Bruininx et al. (2002) demonstrated however that 
there was benefit in increasing lighting period for weaner pigs, as this stimulated daily 
food intake leading to increased average daily gains. Pigs raised in traditional intensive 
pig  production  systems  are  less  exposed  to  seasonal  changes  in  day  length  as  the 
systems  are  often  artificially  lit,  however  rapid  expansion  in  the  use  of  outdoor  or 
alternative  pig  housing  systems  (discussed  further  in  section  1.5)  has  resulted  in  a 
greater number of pigs being exposed to seasonal changes in day length, which may 
contribute to seasonal variability in growth.  
 
1.4.7  Temperature 
The TCZ of an animal is the range of temperatures in which the animal has a minimal 
maintenance requirement to maintain body temperature (Le Dividich et al., 1998). Pigs 
are  sensitive  to  changes  in  temperature  and  their  TCZ  is  narrow,  particularly  in 
comparison  with  sheep  and  cattle.  The  lower  critical  temperature  (LCT),  the  lower 
boundary of the TCZ, for newborn pigs is 34 
oC (Le Dividich et al., 1998; Close, 2002; 
Herpin et al., 2002) when housed in calm conditions. The LCT of pigs strongly depends 
on LW and the surrounding environment, in particular, air movement and floor type 
(Verstegen and van der Hel, 1974). As LW increases the LCT decreases from around 21 
oC
 at 20 kg LW, to 20
 oC and 18 
oC at 80 and 100 kg LW respectively (Close, 2002).  
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Pigs can adapt their behaviour and use their housing environment to reduce their energy 
requirements for maintenance of homeostasis. In cool temperatures, pigs fed ad libitum 
increase food intake to compensate for the increase in energy required to maintain body 
temperature (Le Dividich et al., 1998). When pigs are group housed they huddle closely 
together and adapt their lying posture to reduce heat loss. In warm conditions, pigs lie 
away from each other in a prostrate position to increase body contact with the ground 
and aid in the dissipation of body heat. The nature of the floor determines the extent of 
conductive heat loss and, as up to 20% of the animal’s body can be in contact with the 
floor,  the  conductive  heat  loss  may  present  20-25%  of  the  animal’s  total  heat  loss 
(Close, 2002). When pigs are restrict-fed in a cool environment, weight gain of those 
housed on concrete slats is lower than that of pigs housed on straw, indicating that the 
lower limit of the TCZ was reduced when pigs were housed on straw bedding.  
 
Temperature affects fat deposition and distribution both directly and indirectly. Direct 
effects  of  temperature  are  demonstrated  when  the  tissue  distribution  of  pigs  fed  ad 
libitum and housed in cool or warm environments are compared. Pigs housed in warm 
or tropical environments tend to have more internal fat, particularly leaf fat, and less 
carcass  fat  compared  to  pigs  housed  in  cool  environments  (Sugahara  et  al.,  1970; 
Lefaucher et al., 1991; Rinaldo et al., 2000; Kouba et al., 2001; Le Bellego et al., 
2002).  Alternately,  pigs  raised  in  cool  environments  tend  to  have  more  backfat 
(Nienaber et al., 1987; Campbell and Taverner, 1988; Derno et al., 1995) suggesting a 
thermoregulatory adaptation to low temperatures via the shift of fat from internal to 
external  depots  (Derno  et  al.,  1995;  Rinaldo  et  al.,  2000).  When  housed  in  cold 
environments and fed ad libitum, pigs have a significantly higher food intake than those 
housed in hot environments (Close and Mount, 1978; Verstegen et al., 1978), yet can 
have reduced daily gains and poorer feed conversion. This is explained by the higher 
maintenance  requirements  of  pigs  housed  in  cold  environments  compared  to  pigs 
housed in comfortable or hot environments (Campbell and Taverner, 1988). Moreover, 
Kouba et al. (2001) reported that pigs raised in a hot environment had a higher lipid 
content in the fat tissue and flare fat was increased two-fold compared to pigs raised in 
comfortable  temperatures.  The  group  was  led  to  the  conclusion  that  the  chronic 
exposure of growing pigs to high temperatures enhances lipid metabolism.  
 
The deposition of fat  appears to be  more sensitive to temperature  change than lean 
deposition, however this is likely to be in response to changes in food intake, rather than  
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temperature itself. Under different housing temperatures, Verstegen et al. (1973) found 
that fat deposition depended on both temperature and plane of nutrition, and that it 
varied more than protein deposition. This is supported by the findings of Rinaldo et al. 
(2000) where fat deposition was more variable than protein deposition in growing pigs 
and, during the warmer parts of the year, there was significant reduction in carcass fat 
percent, yet muscle percent was not affected. On the other hand, Brown-Brandl et al. 
(2000) suggested the change in fat deposition may be in response to a direct effect of 
temperature.  Their  study  found  that  high  lean  growth  genotypes  reared  in  hot 
environments deposited more fat and less protein than their counterparts raised in a 
thermoneutral environment and fed to the same level. They concluded that in a hot 
environment, fat tissue was deposited in favour of lean because fat deposition is more 
efficient and produces less metabolic heat than protein deposition.   
 
Indirect effects of temperature on fat deposition and distribution occur primarily via 
affects on appetite and therefore food intake. The pig's primary response to changes in 
temperature is to adjust its food intake accordingly, in order to adjust its own metabolic 
heat  production  and  maintain  homeothermy  (Kouba  et  al.,  2001;  Le  Bellego  et  al., 
2002). High temperatures are a major constraint to production in Australia during the 
summer months. Giles (1992) reviewed data that indicated ambient temperature within 
pig accommodation was generally higher than outside temperatures and that in Eastern 
Australia, piggeries exceeded an average of 26 
oC for an average 32% of the time during 
summer. Daily temperatures fluctuate diurnally and pigs adjust their meal patterns to 
accommodate this temperature fluctuation, feeding during the cooler parts of the 24-
hour period (Xin and De Shazer 1992; Korthals et al., 1997; Brown-Brandl et al., 2000). 
Given adequate time within their TCZ each day, pigs are able to consume sufficient 
food  to  compensate  for  the  reduction  in  intake  during  periods  of  high  ambient 
temperature (Giles and Black, 1991; Xin and De Shazer 1992; Korthals et al., 1997; 
Brown-Brandl et al., 2000). During winter conditions a deep-litter system provides a 3 - 
4.5 
oC temperature increase over the external ambient temperature (Harmon and Xin, 
1996), whereas  within conventional housing the ambient temperature is buffered by 
insulation or heating. During the summer months, the difference between the external 
temperature and internal temperature of the deep-litter system is less, equivalent to 1 – 2 
oC (Harmon and Xin, 1996). Therefore during the day, in summer, it is likely that deep-
litter pigs will be in a hotter environment than conventionally-housed pigs, however any  
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reduction  in  ambient  temperature,  for  example  during  the  evening,  is  immediately 
realised within the deep-litter environment.  
 
1.4.8  Meal Patterns 
A  change  to  meal  patterns  can  affect  growth  performance  and  fat  deposition  and 
distribution in pigs. Ingestion of a few large meals per day can result in increased fat 
deposition  and  reduced  lean  tissue  deposition,  compared  to  smaller,  more  frequent 
meals (Botermans and Svendsen, 2000). Pigs that spend a long time eating, such as 
when they consume large meals, use the food less efficiently (de Haer et al., 1993). 
Moreover,  less  frequent  meals  reduce  energy  retention  because  of  inefficiencies  in 
nutrient  utilisation  as  demonstrated  by  Batterham  and  Murison  (1981)  where  the 
utilisation of synthetic lysine was decreased to half when pigs were restricted to one 
meal, compared with six meals, per day. van den Borne et al. (2006) demonstrated a 
similar effect of feeding frequency in calves, where higher feeding frequencies caused 
more efficient protein digestion. Since protein availability to the animal is reduced when 
meals are large and infrequent, fat deposition is likely to increase.  
 
In  an  environment  where  feeder  access  is  unrestricted,  individually  housed  pigs 
consume about 12 meals per day (Hyun et al., 1997) and this can increase to around 18 
meals  per  day  if  lighting  is  continuous  (Brumm  and  Gonyou,  2001).  The  feeding 
behaviour of pigs can be altered by a number of factors including diurnal temperature, 
as discussed above, and group size. In response to increased group size, and therefore 
increased competition at the feeder(s), the pig alters its feeding behaviour. Generally, 
the number of meals eaten per day reduce, while time spent at the feeder per visit, feed 
consumed per meal and the rate of feed consumption increases (Nielsen and Lawrence, 
1993, Neilsen et al., 1995; Sargent et al., 1999; Hyun and Ellis, 2002). Finishing pigs 
housed in groups can have a higher feed intake compared to individually-penned pigs 
because there can be an increase in feeding motivation, stimulated by other pigs (Hsia 
and  Woodgush,  1983).  Most  studies  report  that  the  level  of  food  intake  can  be 
maintained when changes in feeding behaviour occur (Nielsen and Lawrence, 1993; 
Neilsen et al., 1995; Hyun and Ellis, 2002), however Hyun and Ellis (2001) reported for 
grower pigs that changes to feeding behaviour in response to increased group size were 
not sufficient to maintain feed intake and growth performance was negatively affected.  
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1.5  PIG PRODUCTION SYSTEMS 
1.5.1  Production systems defined  
In Australia there are three general types of pig production systems: conventional, low-
cost deep-litter and outdoor production systems. First, traditional conventional systems 
are where pigs are raised intensively indoors in insulated buildings, which are often 
regulated for temperature and airflow. Conventional pig production systems have liquid 
effluent handling systems and pigs are housed in small groups, typically 15-30 pigs, on 
partially or fully slatted concrete floors. Second, in low-cost deep-litter systems, pigs 
are raised in large groups of 100+ on bedding, such as straw, in naturally ventilated low-
cost  structures.  Commonly,  hoop  structures  are  used  where  hoop  like  trusses  are 
covered  by  a  polyethylene  fabric  tarp  attached  to  concrete  or  wooden  side  walls 
(Honeyman and Harmon, 2003). The floor base may be earth or concrete and effluent is 
managed as a solid, remaining in situ during the growing period until all the pigs have 
been marketed, after which the bedding is removed and can be composted. The third 
type of system used for pig production is the outdoor production system, where pigs are 
housed  in  paddocks  with  access  to  pasture  and  have  small-scale  shelters.  There  are 
variations and hybrids of the above systems used for pork production. In Australia there 
has been the recent development of production systems based on conventional housing 
where the structure is an insulated building with slatted floors however group size is 
very large. Some other examples of hybrid production systems include conventional 
type housing enriched by the provision of manipulable substrates, such as peat or straw, 
or enriched by the provision of bedding. References made to conventional and deep-
litter  pig  production  systems  throughout  this  document  will  be  in  reference  to  the 
traditional conventional and low-cost deep-litter production systems defined above. 
 
Before the 1990’s alternative pig production systems, that is outdoor and deep-litter 
systems, had been utilised through parts of Europe, the United States and Canada, but 
generally on a small scale. However, as these systems require low capital investment the 
uptake  and  expansion  of  alternative  production  systems  has  increased  significantly 
world-wide over the past decade. In Australia, commercial outdoor production systems 
are mostly used for dry- and farrowing-sows and the majority of grower-finisher pigs 
are produced in conventional confinement systems and/or in deep-litter systems. 
 
Many  commercial  pig  producers  in  Australia  use  a  combination  of  deep-litter  and 
intensive housing systems and it’s estimated that 30-35% of slaughter generation pigs  
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are raised at some stage (either wean-to-finish or wean-to-grower) in deep-litter housing 
(Payne, 2004). In Western Australia, it is estimated that about 75% percent of slaughter 
generation pigs spend some time in deep-litter systems (H. Payne, Pers. Comm. 2006).  
 
In response to the rapid increase in the number of pigs raised outdoors and in deep-litter 
systems there has been a rapid increase in research investigating the effects of such 
systems on pig behaviour (Cox and Cooper, 2001; Morrison et al., 2003; Lebret et al., 
2006), pig growth and performance (Matte, 1993; Gentry et al., 2002a; Gentry et al., 
2002b; Gentry et al., 2004; Johnston et al., 2005; Lebret et al., 2006), and pork quality 
(Gentry et al., 2002a; Gentry et al., 2002b; Bee et al., 2004; Gentry et al., 2004; Heyer 
et  al.,  2004;  Johnston  et  al.,  2005).  Research  has  been  conducted  to  determine 
production system effects on carcass quality in terms of carcass weight, fat depth and 
skin blemishes (Enfält et al., 1997; Guy et al., 2002; Hoffman et al., 2003; Lebret et al., 
2006), and more recently there has been research to quantify the effects of deep-litter 
housing on carcass composition (Dunshea et al., 2005).  
 
1.5.2  Growth performance  
It is the general view across the Australian pork industry that there is a difference in the 
performance of pigs raised in conventional versus deep-litter housing systems (Payne et 
al., 2001; Kruger et al., 2006). A review conducted by Payne et al. (2000) suggested 
pigs raised in deep-litter systems grow slower and are less efficient than pigs reared in 
conventional  production  systems.  Similar  findings  were  reported  by  Johnston  et  al. 
(2005)  for  deep-litter  raised  pigs  and  Bee  et  al.  (2004)  for  outdoor  raised  pigs. 
Alternatively, pigs reared outdoors or in deep-litter systems have also been found to 
grow faster and have higher carcass weights than conventionally-reared pigs (Guy et al., 
2002; Gentry et al., 2002b; Gentry et al., 2004; Rei et al., 2004; Johnston et al., 2005), 
however elevated feed consumption, poorer  growth efficiency and increased backfat 
depth remain consistent across studies (Payne et al., 2000; Guy et al., 2002; Gentry et 
al., 2002a; Gentry et al., 2002b; Gentry et al., 2004; Rei et al., 2004; Johnston et al., 
2005).  
 
The effects of housing on growth performance can be variable. Matte (1993) found that 
overall wean-to-finish  growth performance was similar for pigs in conventional and 
deep-litter systems, however during the  early  growth phase (at lighter  LW), pigs in 
conventional  housing  were  more  efficient  and  grew  faster.  Alternately,  Guy  et  al.  
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(2002)  reported  that  feed  efficiency  was  similar  for  pigs  raised  in  outdoor  and 
conventional production systems but poorer for pigs in deep-litter housing. Differences 
in  the  maintenance  energy  requirements  of  pigs  housed  in  deep-litter  and  outdoor 
production  systems  compared  to  conventional  systems  is  a  likely  explanation  for 
elevated food intake and poorer feed conversion.  
 
Pig production performance in deep-litter systems varies with season. During the cool, 
winter months pigs raised in deep-litter systems can have poorer growth performance 
and  during  the  warmer  months  have  similar  growth  performance  to  conventionally 
raised  pigs  (Rops  et  al.,  1999a;  Rops  et  al.,  1999b;  Gentry  and  McGlone,  2003; 
Honeyman and Harmon, 2003; Honeyman, 2005). Consequently, differences between 
the climates in which various studies were conducted have contributed to the variable 
growth  performance  reported  between  production  systems.  Differences  between 
housing systems in the energy demand of pigs for thermoregulation, particularly where 
winter climates are severe, is often identified as a factor contributing to reduced growth 
performance in outdoor and deep-litter raised pigs (Matte, 1993; Rops et al., 1999a; Bee 
et al., 2004; Gentry et al., 2004; Honeyman, 2005). Increased physical activity is also 
identified as a reason  for the energy  demands  of outdoor and deep-litter pigs to be 
higher than conventionally housed pigs (see Section 1.5.3.2). 
 
Altering conventional pig housing by increasing pen size and/or group size has been 
found to have little effect on growth performance (Hyun and Ellis, 2001; Gentry et al., 
2002c; Hyun and Ellis, 2002). Introducing environmental enrichment to conventional 
facilities however has resulted in an impact on growth performance where pigs housed 
in conventional pens  with added straw bedding can have higher food intakes,  grow 
faster  and  be  at  least  as  efficient  as  pigs  housed  conventionally  without  access  to 
bedding (Lyons et al., 1995; Beattie et al., 1996; Morgan et al., 1998; Beattie et al., 
2000). Peeters et al. (2006) added straw bedding to conventional pens and reported 
increased daily weight gain of finishing pigs in the short term, but over the experimental 
period there was no lasting effect on pig growth performance. Similarly, Bolhuis et al. 
(2006) found no effect of straw bedding enrichment on growth performance. Short term 
increases in LW gain for pigs housed on straw bedding are likely related to increased 
gut-fill  from  ingestion  of  the  bedding  (Morgan  et  al.,  1998).  The  enrichment  of 
conventional  environments  with  toys  appears  to  have  no  effect  on  pig  growth 
performance (Blackshaw et al., 1997; Hill et al., 1998; Day et al., 2002).   
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The differences in growth performance for pigs raised in conventional, outdoor or deep-
litter production systems, indicates that the growth path of pigs varies depending on the 
housing system in which they are raised. Dunshea et al. (2005) compared the growth 
performance  and  carcass  composition  of  pigs  raised  within  the  same  shed  but  in 
conventional or deep-litter pens and the results clearly illustrate how housing affects pig 
growth paths. Even though LW, carcass weight and growth performance were similar 
for  pigs  from  both  treatments  at  slaughter,  pigs  in  conventional  pens  grew  faster 
immediately after weaning. During the  grower  period this was reversed and pigs in 
deep-litter pens grew faster, yet during finishing, higher growth rates were measured in 
conventional pens. In addition, the pattern of lean and fat tissue deposition was found to 
follow the growth path of the pigs.   
 
1.5.2.1 Carcass quality 
The major issue in relation to growth performance is the reported increase in depth of 
backfat (P2) when pigs reared in deep-litter systems are compared with similar pigs 
reared in conventional production systems (Payne et al., 2000). Some work has reported 
no differences in backfat depth between pigs housed conventionally and pigs housed in 
conventional pens with deep-litter straw bedding (Lyons et al., 1995; Klont et al., 2001; 
Dunshea et al., 2005; Peeters et al., 2006), whereas others have found pigs in straw 
bedded conventional pens (Beattie et al., 2000) or deep-litter housing to have thicker 
backfat (Rops et al., 1999a; Rops et al., 1999b; Gentry et al., 2002b; Honeyman and 
Harmon,  2003).  Conflicting  differences  in  the  levels  of  backfat  of  pigs  raised 
conventionally  or  outdoors  have  been  reported,  however  this  is  likely  to  be  due  to 
variation  in  climate,  and  therefore  maintenance  requirements  of  the  pig,  between 
studies. Guy et al. (2002), Hoffman et al. (2003) and Bondesan et al. (2004) reported 
outdoor pigs had lower P2 backfat and higher lean meat yield than conventional pigs. In 
contrast,  pigs  raised  outdoors  have  had  similar  backfat  levels  to  their  indoor 
counterparts (Guy et al., 2002; Gentry et al., 2004). Furthermore, Gentry et al. (2002a) 
concluded that when fed a conventional diet, outdoor pigs were more likely to have 
thicker backfat because of elevated food intake. 
 
To improve growth performance and reduce backfat thickness a number of management 
strategies are employed by Australian pig producers and therefore can be incorporated 
into the management of pigs in deep-litter systems. Management options include the use  
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of metabolic modifiers, such as β-agonists and pST, to improve lean tissue deposition 
rates,  and  the  use  of  immunocastration  in  male  pigs.  Immunocastration,  rather  than 
surgical castration, allows the high lean growth rates of entire male pigs to be realised 
for most of the growth period, whilst still being able to avoid boar taint in the resultant 
pork product. Another management strategy used by the industry is to wean piglets into 
deep-litter systems and then move them into conventional facilities for finishing (Payne, 
2004; Pope, 2001; Kruger et al., 2006). Though reduced weaner growth in deep-litter 
systems has been reported (Matte, 1993; Larson and Honeyman, 2001; Dunshea et al., 
2005), many Australian producers report improved weaner performance (Kruger et al., 
2006) relative to conventional weaning facilities. Besides improved weaner health, due 
to an all-in -all-out pig management system and improved air quality, the other benefits 
of deep-litter systems, e.g. financial, can be exploited, whilst finishing in a conventional 
facility allows backfat thickness and growth performance to be managed more closely. 
Smaller  group  sizes,  characteristic  of  conventional  housing  systems,  allow  easier 
management of weight variation and P2 backfat depth because there is greater flexibility 
in the grouping of pigs by weight and therefore the ability to adjust feeding between 
pens and be more flexible with marketing decisions. The age or weight at which pigs are 
moved varies between production systems, however often pigs are moved between 10 
weeks of age, or about 30 kg LW (A Moore, Producer; Pers Comm. 2004), and 15 
weeks of age or about 60 kg LW (Kruger et al., 2006).  
 
1.5.2.2 Pork quality and eating quality 
It is well established that pre-slaughter handling and post-slaughter carcass management 
significantly  influence  pork  quality  (Tarrant,  1993)  by  influencing  the  post-mortem 
biochemistry of the muscle (Wood, 1990). The effects of pig housing environment on 
pork quality, that is technological and sensory quality, have been investigated, however 
the results reported in the literature are variable. Many studies compare the effect of 
outdoor housing with conventional housing on pork quality (Enfält et al., 1997; Gentry 
et al., 2002a; Gentry et al., 2002b; Pugliese et al., 2003; Stern et al., 2003; Bee et al., 
2004; Gentry et al., 2004; Hansen et al., 2006), and to date, few have compared the 
effects of deep-litter housing with conventional housing (Maw et al., 2001; Gentry et 
al., 2002b; Johnston et al., 2006).  
 
The  ultimate  pH  (pHu)  and  water-holding  capacity  (WHC)  is  lower  in  pork  from 
outdoor-reared pigs (Warriss et al., 1983; Enfält et al., 1997), however some authors  
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have reported no differences between outdoor and conventional pigs (Hill et al., 1998; 
Gentry et al., 2002a). Some studies have found no difference in percent drip loss, an 
indicator of WHC, in pork from pigs raised in conventional and outdoor production 
systems  (Gentry  et  al.,  2004;  Millet  et  al.,  2004;  Hansen  et  al.,  2006)  and  in 
conventional and deep-litter production systems (Gentry et al., 2002b), whilst others 
found  higher  drip  loss  in  pork  from  deep-litter  systems  (Johnston  et  al.,  2006)  and 
outdoor pigs (Enfält et al., 1997; Nilzén et al., 2001; Bee et al., 2004). Conversely, 
Lambooij et al. (2004) and Lebret et aI. (2006) found drip loss was lower in pork from 
outdoor pigs compared to conventional pigs.  
 
Pork tends be darker at higher pHu (Cornforth, 1994; Joo et al., 1995), therefore if pHu 
is found to be lower in outdoor pigs it would be expected that pork from the same pigs 
would  be  paler.  Millet  et  al.  (2004)  found  pork  from  pigs  produced  in  an  outdoor 
organic production system was redder, but not darker than pork from conventionally 
housed pigs. In contrast, most studies have found outdoor production systems produce 
darker, redder pork than conventional housing systems (Maw et al., 2001; Stern et al., 
2003; Bee et al., 2004; Gentry et al., 2004; Heyer et al., 2004). Similarly, Johnston et 
al. (2005) found deep-litter systems produced darker pork than conventional housing. 
The differences found between housing systems for pork colour may be explained by 
increased oxidative capacity of muscles of outdoor pigs, in response to higher activity 
levels (Millet et al., 2005) (Section 1.5.3.2), and increased iron status of outdoor pigs 
compared  to  indoor  pigs.  Kleinbeck  and  McGlone  (1999)  established  that  outdoor 
reared  piglets,  with  access  to  soil,  had  similar  or  higher  blood  haemoglobin 
concentration compared to indoor reared piglets without access to soil and that had been 
given a supplemental iron treatment. In spite of this, others have found no difference in 
pork  colour  between  deep-litter  and  conventional  housing  (Gentry  et  al.,  2001b), 
outdoor versus conventional (Lebret et al., 2006) or enriched versus barren conventional 
environments (Beattie et al., 2000).  
 
Numerous authors suggest that increased levels of IMF has a positive influence on pork 
eating quality (Casteels et al., 1995; Fernandez et al., 1999; Brewer et al., 2001) by 
improving tenderness, juiciness and flavour. Some taste panel studies however have 
found no correlation between IMF content and pork tenderness (Hovenier et al., 1993). 
The effects of production system on the IMF content of pork are variable. A number of 
studies found IMF content to be lower in pork from outdoor, organic and deep-litter  
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reared pigs compared to conventionally-reared pigs (Enfält et al., 1997; Gentry et al., 
2002b; Gentry et al., 2004; Millet et al., 2004; Johnston et al., 2005). Others have found 
no difference in the IMF content of pork from outdoor reared and conventionally-reared 
pigs (Hoffman et al., 2003), deep-litter and conventionally reared pigs (Gentry et al., 
2002b), or barren and enriched (toys)-conventional environments (Hill et al., 1998). In 
contrast, Lebret et al. (2006) found pork from outdoor reared pigs to be more tender and 
have higher percent IMF than pork from conventional pigs.  
 
Differences in extent of pH decline after death and therefore the effects on pork quality 
parameters are attributed to the differences in the glycolytic potential of the muscle 
before slaughter. The glycolytic potential is the total content, or the glucidic store, of 
components  transformable  to  lactic  acid  by  post-mortem  glycolysis  (Monin  et  al., 
1981). Post-mortem glycolysis can therefore proceed further in muscle that has a higher 
glycolytic potential and pHu may then be lower. Several authors have found muscle 
from  outdoor-reared  pigs  had  higher  glycolytic  potential  than  muscle  from 
conventionally-reared pigs (Enfält et al., 1997; Bee et al., 2004; Lebret et al., 2006). 
Increased  glycolytic  potential,  with  more  glycogen  being  available  for  post-mortem 
glycolysis,  was  due  to  either  greater  muscle  glycogen  stores,  because  of  increased 
fitness (Section 1.5.3.2) or lower glycogen consumption during the pre-slaughter period, 
because of improved coping ability (discussed in Section 1.5.3.1). Moreover it has been 
concluded that that lower pHu of pork from outdoor-raised pigs was likely explained by 
higher  glycolytic  potential  of  the  muscle  compared  to  that  from  conventional  pigs 
(Klont et al., 2001; Millet et al., 2004). It is reasonable to assume that the muscles of 
pigs reared in deep-litter systems may have a greater glycolytic potential compared to 
muscles from conventionally housed pigs, because of the effect housing and enrichment 
has on coping ability and activity levels (Section 1.5.3.1 and Section 1.5.3.2).  
 
The effects of rearing system on the glycolytic potential of muscle are variable and can 
be muscle specific, which may explain why the measures of technological pork quality 
are  variable.  Lebret  et  al.  (2006)  and  Bee  et  al.  (2004)  found  an  increase  in  the 
glycolytic  potential  in  the  biceps  femoris,  rectus  femoris,  semitendinosus  and 
semimembranosus,  but  not  the  longissimus  muscle,  of  outdoor  pigs  compared  to 
conventional pigs. Furthermore, a number of studies have found no effect of rearing 
system  (Gentry  et  al.,  2002b;  Hoffman  et  al.,  2003),  exercise  (Enfält  et  al.,  1993;  
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Gentry et al., 2004), or environmental enrichment (Beattie et al., 2000) on muscle pHu, 
indicating little difference in glycolytic potential.  
 
Sensory panel assessment has found no difference in the sensory scores of pork from 
pigs raised outdoors and in conventional systems (Gentry et al., 2004) and pork from 
pigs raised in conventional housing with or without straw bedding (Gentry et al., 2000). 
However  there  are  reports  that  housing  system  affects  pork  tenderness.  Maw  et  al. 
(2001), Gentry et al. (2002a) and Stern et al. (2003) found the outdoor and organic 
production systems produced pork that was more tender than pork from a conventional 
production system. Moreover, Beattie et al. (2000) found pork from pigs raised in a 
conventional environment enriched with straw was more tender than pork from pigs 
raised in a conventional barren environment. In contrast, pork from outdoor pigs (Enfält 
et al., 1997; Heyer et al., 2004; Hanson et al., 2006) and deep-litter pigs (Johnston et 
al., 2005) has been found as less tender, less juicy and have lower overall acceptability 
scores than pork from pigs reared conventionally. 
 
The  FA  composition  of  meat  can  affect  meat  flavour  (Cameron  and  Enser,  1991; 
Cameron et al., 2000; Wood et al., 2003) and the FA composition of lean and fat tissue 
has been shown to differ between outdoor and conventional pigs (Nilzén et al., 2000; 
Högberg et al., 2001; Lebret et al., 2002; Hoffman et al., 2003; Bee et al., 2004). Maw 
et al. (2001) found floor type affected the flavour of bacon, where bacon produced from 
pigs  raised  on  straw  bedding  had  a  stronger  flavour  than  that  from  pigs  housed  on 
concrete floors.  Most  authors however have reported no effects of housing on pork 
flavour (Enfält et al., 1997; Hill et al., 1998; Gentry et al., 2002b; Lebret et al., 2002; 
Bondesan et al., 2004; Gentry et al., 2004; Johnston et al., 2005; Lebret et al., 2006).  
 
1.5.3 Differences between production systems 
The  social,  thermal  and  physical  environments  of  deep-litter  and  conventional 
production systems are disparate and are likely to significantly influence the growth, 
performance  and  tissue  deposition  of  growing  pigs.  Group  size  affects  the  social 
environment  and  the  behaviour  of  pigs  (Morrison  et  al.,  2003),  including  feeding 
behaviour  (Section  1.5.3.1).  Furthermore,  pigs  housed  in  large  groups  have  more 
available space and are more active than pigs housed conventionally (Morrison et al., 
2003). Ambient temperature is managed through the use of cooling and heating systems 
in conventional housing and is buffered against external temperature change. On the  
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other  hand,  ambient  temperature  within  deep-litter  systems  is  similar  to  external 
temperatures and therefore the temperature range is greater and fluctuates diurnally, and 
with season. The energy requirements for thermoregulation differ greatly between pigs 
housed in conventional and deep-litter systems (Matte, 1993; Rops et al., 1999a; Bee et 
al.,  2004;  Gentry  et  al.,  2004;  Honeyman,  2005).  The  presence  of  bedding, 
characteristic of the deep-litter system, offers the pig an opportunity to manage their 
immediate  thermal  environment.  The  thermal  conductivity  of  straw  is  lower  than 
concrete (λ = 0.38 versus 5.24; Uzunova and Koleva, 2005) and therefore there is less 
conductive heat loss from the pig to the floor. In spite of this, deep-litter pigs are still 
likely to have a greater demand for energy to maintain homeothermy during the cool 
seasons. The presence of bedding also has an impact on the physical, social and feeding 
behaviour of the pig (Lyons et al., 1995; Morgan et al., 1998; Morrison et al., 2003). 
 
1.5.3.1 Behaviour 
In response to increasing consumer awareness about animal welfare, research has been 
carried out to determine the effects of barren versus enriched environments on pork 
production. Different housing environments affect the way in which pigs react to social 
and non-social situations (Geverink et al., 2004) and this can affect growth performance 
and carcass and pork quality. Pigs provided with enrichment, such as toys or straw, 
spend more time directing behaviour towards the enrichment, less time inactive and less 
time directing behaviour towards pen mates (Lyons et al. 1995; Hill et al., 1998; Beattie 
et al., 1996; Beattie et al., 2000; Morrison et al., 2003; Peeters et al., 2006). Pigs in 
conventional environments enriched with bedding substrates or toys spend less time 
involved in harmful or aggressive behaviours towards other pigs (Lyons et al., 1995; 
Blackshaw et al., 1997; O’Connell and Beattie, 1999; Beattie et al., 2000). In contrast, 
Morgan et al. (1998) and Morrison et al. (2003) found the incidence of agonistic and 
sexual behaviours towards pen mates was increased in a bedded environment compared 
to  a  barren  conventional  environment.  Increased  incidence  of  aggressive  behaviours 
may have occurred because the pigs on bedding were more active in general (Morgan et 
al., 1998) or, when housed in deep-litter systems, the large group size is likely to have 
contributed increased incidence of aggression (Morrison et al., 2003). The provision of 
straw bedding does not reduce aggression between unfamiliar pigs (Arey and Franklin, 
1995). 
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Pigs  form  stable  hierarchies  and  maintaining  these  is  dependant  upon  the  mutual 
recognition  of  group  members,  which  is  based  on  familiarity  (Payne  et  al.,  2001). 
Literature  reviewed  by  Payne  et  al.  (2001)  indicated  stable  hierarchies  cannot  be 
maintained when group size exceeds 25 to 30 pigs. This may be related to the limited 
capacity  of  pigs  for  recognition.  Consequently  there  is  increased  difficulty  in 
establishing and maintaining a dominance hierarchy within large groups, resulting in 
increased interactions, and therefore stress, as pigs attempt to reconfirm their rankings 
within the group (Morrison et al., 2003). Stress increases the maintenance requirements 
of pigs and reduces the pig's capacity for protein deposition (Chapple, 1993), resulting 
in reduced growth rates and poorer growth efficiency, therefore a fatter pig. Morrison et 
al. (2003) simulated elevated social stress in grower-finisher pigs by daily injections of 
adrenocorticotrophic hormone. The “stressed” pigs had poorer growth performance and 
were  fatter  leading  the  researchers  to  conclude  that  elevated  levels  of  social  stress, 
experienced by pigs housed in large groups, may in part explain the reduced growth 
performance and increased fatness often found in deep-litter pigs.  
  
On the other hand, pigs raised in enriched environments, either outdoors, in deep-litter 
systems or conventional systems enriched with substrates, show a greater exploratory 
behaviour  of  novel  environments  and  can  cope  more  easily  with  stress  in  novel 
situations (Lyons et al., 1995; Beattie et al., 2000; de Jong et al., 2000; Klont et al., 
2001; Lambooij et al., 2004; Johnston et al., 2005). After transport and lairage, salivary 
cortisol  measures  indicate  higher  levels  of  stress  in  pigs  from  barren,  conventional 
environments,  compared  to  pigs  from  enriched  environments  (Klont  et  al.,  2001). 
Improvements  in  pig  welfare  and  growth  performance  are  realised  when  stress  is 
minimised.  In  addition,  there  are  positive  implications  for  pork  quality  because 
significant levels of pre-slaughter stress can cause the undesirable  PSE condition to 
develop and this compromises the appearance, palatability and manufacturing quality of 
pork. Peeters et al. (2006) found that there were no differences in plasma or salivary 
cortisol between pigs raised in barren environments and pigs that had been provided 
straw bedding for up to six weeks before slaughter. This suggests that differences in the 
coping abilities of pigs may develop either during early life or develop over a long 
period of time. On the other hand there is suggestion that the coping characteristics of 
pigs  are  determined  at  a  young  age  and  manipulation  through  enriched  rearing 
environments is minimal. Bolhuis et al. (2006) assessed the coping characteristics of 
pigs  during  suckling  using  the  backtest  classification  and  found  that  pig  growth  
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performance  was  influenced  more  so  by  the  initial  assessment  and  the  influence  of 
rearing history, straw bedded versus barren pens, on behaviour was small.   
 
1.5.3.2 Exercise 
The physical activity of pigs tends to increase with an increase in available space, which 
generally occurs via an increase in group and pen size. The increased activity of pigs 
housed in larger pens is often a forced behavioural response, simply because there are 
greater distances between feeding, drinking and sleeping  areas (Payne  et al., 2000). 
Gentry  et  al.  (2002c)  illustrated  this  by  using  feeder  and  drinker  placement  at  the 
opposite ends of pens to manipulate exercise levels. The authors noted that even though 
a higher level of activity was measured in pigs from larger pens, the pattern of activity 
was  similar  between  pen  sizes,  for  example  the  highest  level  of  activity  occurred 
between 0800 and 1200 for all pigs, regardless of pen size. Spoolder et al. (1999) found 
no direct effect of group size on the level of physical activity when comparing groups of 
20, 40 and 80 pigs per pen, with feeder space allowance having more of an effect on 
physical activity. When feeder space was reduced pigs spent more time waiting at the 
feeder.  In  very  large  group  sizes,  although  available  feeder  space  per  pig  may  be 
comparable to smaller group sizes, other factors such as pig preferences for particular 
feeding  spaces  and  pigs  wanting  to  feed  simultaneously,  increased  the  activity  and 
interactions around the feeder (Spoolder et al., 1999).  
 
There  is  a  wealth  of  data  that  indicate  the  provision  of  environmental  enrichment 
increases pig activity levels (Lyons et al., 1995; Morgan et al., 1998; Beattie et al., 
2000; Bolhuis et al., 2006; Scott et al., 2006). Beattie et al. (1996) concluded that, 
unless space was very restrictive, environmental enrichment, in this case straw bedding, 
was  more  important  in  determining  pig  behaviour,  and  therefore  activity,  than  pen 
space. The provision of toys such as chains, hose pipe and ropes in conventional pens 
increases  pig  activity,  however  pigs  tend  to  show  preference  for  softer,  more 
manipulable toys (Apple and Craig, 1992; Hill et al., 1998; Day et al., 2002) and the 
level  of  interaction  with  toys  can  decline  with  time  (Blackshaw  et  al.,  1997).  The 
provision of rooting substrates in conventional pens, such as peat, woodchips or straw, 
may be more effective at increasing pig activity levels, as Hill et al. (1998) and Day et 
al. (2002) found no difference in pig behaviours or performance when conventional 
pens  were  enriched  with  the  provision  of  toys.  Some  authors  have  also  found  no 
differences in the activity of pigs housed in barren or bedded conventional pens (Hill et  
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al., 1998; Peeters et al., 2006), however it is a common observation that the provision of 
enrichment redirects behaviours from pig and pen focused to substrates focused (Beattie 
et al., 1996; Hill et al., 1998; Peeters et al., 2006).  
 
A direct comparison between pig production systems, with differing levels of space, 
different group sizes and enrichment, suggests that pigs raised in outdoor or deep-litter 
environments are involved in greater levels of physical activity than pigs housed in 
barren, conventional environments. Cox and Cooper (2001) observed piglets raised in 
an outdoor system were more active than indoor counterparts within one week of birth, 
however  when  weaned  into  a  conventional  facility  activity  levels  became  similar 
regardless of birth environment.  Behavioural studies of growing pigs by Morrison et al. 
(2003) indicated that those housed in deep-litter systems spend more time standing and 
in locomotion, and less time sitting and lying compared to conventionally housed pigs. 
In addition, there are suggestions that some differences found in growth performance, 
carcass and meat quality between outdoor or deep-litter and conventionally raised pigs 
(Section 1.5.2) are  explained by  differences in  physical activity, or exercise, during 
growth (Maw et al., 2001; Pugliese et al., 2003; Bee et al., 2004). 
 
The effect of exercise on lean and fat tissue in the body occurs via changes to energy 
availability  for  tissue  deposition  and  via  physical  changes  to  muscle  physiology, 
through the development of different muscle fibre types and changes in fibre size. The 
energy  expenditure  of  animals  is  partially  spent  on  physical  activity  (Schrama  and 
Bakker, 1999). Exercise training reduces body fat in humans (Depres et al., 1984), rats 
(Askew and Hecker, 1976; Bukowiecki et al., 1980) and miniature pigs (Owens et al., 
1977; Carey and Sidmore, 1994; Carey, 2000).  
 
A  number  of  researchers  have  investigated  the  effect  of  exercise  training,  that  is, 
sustained jogging on a treadmill for defined periods and spontaneous activity, on muscle 
physiology,  as  differences  can  affect  technological  meat  quality.  Physical  fitness 
improves  muscle  oxidative  capacity  (McAllister  et  al.,  1997),  hence  increasing  the 
muscle’s capacity for aerobic, rather than anaerobic, ATP generation.  Consequently 
there is a reduction in the rate of lactate formation in the muscle during periods of 
prolonged physical stress (Petersen et al., 1997; Essen-Gustavsson et al., 1988), such as 
during transport and lairage prior to slaughter. The rate of lactate formation influences  
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post-mortem pH decline and therefore affects meat quality traits such as WHC, colour 
and texture (Lawrie, 1998).  
 
The change in oxidative capacity occurs via a shift in the proportion of the different 
muscle fibre types. In pigs, there are three fibre types: first, slow twitch oxidative fibres 
(type Ia), second, fast twitch oxido-glycolytic fibres (type IIa) and third, fast twitch 
oxido-glycolytic and glycolytic fibres (type IIb) (Millet et al., 2005). The ratio of the 
different muscle fibre types may influence pork colour. Glycolytic fibres have a lower 
myoglobin content, therefore higher ratios of type IIa/b fibres in muscle can result in 
paler meat (Millet et al., 2005), whilst increased proportions of type Ia fibres will result 
in redder meat. Pigs reared in outdoor production systems have a higher proportion of 
type IIa muscle fibres and a lower ratio of Type IIb fibres compared to pigs reared in 
conventional facilities (Bee et al., 2004; Gentry et al., 2004) and are often found to have 
redder and or darker pork (Gentry et al., 2002a; Hoffman et al., 2003; Stern et al., 2003; 
Gentry et al., 2004; Millet et al., 2004; Lebret et al., 2006). Pigs subjected to exercise 
training can have a higher ratio of type IIa fibres (Petersen et al., 1998b) and a reduction 
in type IIb fibres (McAllister et al., 1997), however the effect of increased physical 
activity on the development of the different muscle fibre types varies between muscles. 
The  ratio  of  type  IIa  fibres  is  higher  in  the  longissimus,  rectus  femoris  and 
semimembranosus muscles of outdoor-reared pigs compared to conventional pigs (Bee 
et al., 2004; Gentry et al., 2004). Bee et al. (2004) did not find an effect of outdoor 
rearing on muscle fibre types in the semitendinosus, a muscle known to be involved in 
locomotion. In contrast, Petersen et al. (1988b) found that exercise trained pigs and pigs 
group housed in large pens had more type IIa fibres and less type IIb fibres in the 
semitendinosus  compared  to  individually-housed  pigs.  However,  when  Gentry  et  al. 
(2002c) used increased pen size to simulate the increased physical activity of outdoor 
pigs in conventionally housed pigs, there was no effect on the ratios of muscle fibres.   
 
The effect of trained or spontaneous exercise differs between muscles depending on the 
muscle’s function and the type of exercise. There is literature agreement that the effects 
of exercise training on muscle fibre characteristics are not comparable to the effects of 
spontaneous activity which occurs when pigs are housed in large groups, and which 
exercise training is trying to simulate (Enfält et al., 1993; Petersen, 1997; Petersen et al. 
1998b). Petersen (1997) found that both treadmill training and spontaneous exercise 
imposes endurance type training on the hind limb muscles, explaining the increase in  
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the proportion of type IIa fibres with exercise. In contrast, results of McAllister et al. 
(1997) indicate treadmill trained miniature pigs developed greater oxidative capacity in 
the forelimb muscles, and there was minimal effect in hind limb muscles. Albeit, in both 
studies pigs were treadmill-trained, the difference in results illustrates the sensitivity of 
muscle  fibre  development  to  different  types  of  exercise.  The  results  discussed  by 
Petersen (1997) were from pigs trained on a 0% gradient, whereas the pigs in the study 
by McAllister et al. (1997) were trained on a gradient of up to 10%.  
 
The emphasis on the evaluation of the effects of exercise on pork quality is directed 
towards the traits related to post-mortem pH decline (Petersen et al., 1997). Given that 
there  are  different  levels  of  response  in  different  muscles  to  the  various  types  of 
physical activity the effect of exercise on pork quality is variable. There have been very 
few effects of exercise training found on pork quality. Enfält et al. (1993) demonstrated 
that intramuscular fat levels were lower, drip loss was higher and the muscle was paler 
in the longissimus dorsi (l. dorsi) of exercised  pigs compared to confined pigs, but 
concluded that there was no pronounced effect on overall pork quality. Petersen et al. 
(1997) showed no effect of exercise training on pork quality of the m. biceps femoris or 
l.  dorsi,  and  Gentry  et  al.  (2002c)  found  that  increasing  levels  of  activity  in 
conventionally-housed  pigs  by  increasing  pen  space  did  not  affect  objective  pork 
quality. In contrast, pork quality has been found to differ markedly between pigs housed 
in a free-range or outdoor environment, in which pigs are engaged in higher levels of 
spontaneous activity, from pigs raised in conventional facilities. Differences in pork 
quality between production systems are discussed further in Section 1.5.2.2. 
 
1.5.3.3 Straw bedding 
The presence of straw bedding is a major difference between conventional and deep-
litter pig production systems. In Australia, cereal straw is commonly used as bedding 
material, however a significant proportion of pigs are also housed on rice hulls and 
sawdust (Payne et al., 2000). In Western Australia cereal straw is the primary form of 
bedding. Barley straw is the preferred type, particularly for weaner pigs, because it has a 
high moisture holding capacity and is softer than other cereal straws, however wheat, 
oat and triticale are acceptable alternatives and are often more widely available (Payne 
et al., 2000). The presence of straw bedding can affect growing pigs in a number of 
ways. The behaviour, the maintenance requirements and nutrient intake/absorption of 
the pig all  may be altered.  Furthermore, the physical  resistance of the  straw during  
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locomotion may influence the growth and development of the pig, differently to if the 
pig was housed in a barren, conventional environment.  
 
Straw  bedding  affects  pig  behaviour.  Morgan  et  al.  (1998)  demonstrated  that  straw 
bedding affected the feeding pattern of growing pigs more than increased group size, by 
increasing  the  number  of  visits  by  pigs  to  the  feeder  each  day.  The  environmental 
enrichment provided by straw bedding also redirects pig behaviours from pen-mate-
focused to substrate-focused (Beattie et al., 1996; Hill et al., 1998; Peeters et al., 2006), 
which can lead to a reduction in aggression (Lyons et al., 1995; Blackshaw et al., 1997; 
O’Connell and Beattie, 1999; Beattie et al., 2000). Furthermore, pigs bedded on straw 
have been found to be more active than pigs in barren environments (Lyons et al., 1995; 
Morgan et al., 1998; Bolhuis et al., 2006; Scott et al., 2006) 
 
Pigs housed on bedding, or with access to organic materials offered as enrichment, 
chew and ingest the substances (Lyons et al., 1995; Beattie et al., 1996; van Barneveld 
et al., 2003; Millet et al., 2004; Honeyman, 2005; Scott et al., 2006). A study by van 
Barneveld et al. (2003) found that growing pigs ingested up to 10% of their total dietary 
intake as bedding (rice hulls), and the researcher’s expected that pigs housed on other 
types of bedding, such as cereal straw, would have similar levels of bedding intake (van 
Barneveld  et al., 2003a). The approximate nutritive value of cereal straw (90% dry 
matter) is 2 MJ/kg, 3% crude protein and 72% NDF (Ewing, 1997; Jolly, 2003; Sauvant 
et  al.,  2002).  Wheat  and  barley  straw  are  highly  lignified  and  are  not  readily 
fermentable, therefore have little nutritive value to growing pigs (Just, 1982; Schrama 
and Bakker, 1999; Noblet and Le Goff, 2001). The ingestion of bedding will therefore 
increase the fibre intake by the pig and alter the nutritive balance of the diet, particularly 
the protein:energy ratio, all of which effects growth and tissue deposition in the pig.  
 
Spontaneous  and  trained  exercise  in  pigs  has  different  effects  on  carcass  and  pork 
quality. The variable effects on the body and on individual muscles of different types of 
activity were previously discussed in Section 1.5.3.2. The physical presence of deep 
straw bedding would provide resistance to the pig during locomotion, adding another 
facet to the effect of increased activity levels. Compared to sedentary rats, resistance-
trained rats have increased bone area in the proximal tibia metaphysis, which suggests 
that resistance training stimulates bone formation (Westerlind et al., 1998). Resistance 
training  increases  muscle  strength  and  can  influence  muscle  size  and  fibre  
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characteristics. Resistance-trained adolescent rats had increased muscle area occupied 
by type IIb muscle fibres (Yarasheski et al., 1990), and resistance-trained ponies had 
increased fibre diameters of type IIa and IIb muscle fibres (Heck et al., 1996), compared 
to their sedentary counterparts. In pigs, endurance training can increase muscle fibre 
diameter  (Petersen  et  al.,  1998b),  however  there  is  generally  little  or  no  effect  of 
treadmill training or increased spontaneous activity on fibre diameter (Bee et al., 2004; 
Gondret et al., 2005). This suggests that the effects of treadmill training and increased 
spontaneous activity are limited to a shift in the proportions of muscle fibre types rather 
than muscle fibre hypertrophy.   
 
A series of studies by Williams et al. (1997a, 1997b, 1997c) demonstrated that the level 
of immune system activation within pigs affected the deposition of lean and fat tissue 
during growth. Pigs with a low level of immune system activation had a greater capacity 
for lean tissue accretion (Williams et al., 1997b) and providing dietary protein was not 
limiting, pigs with low levels of immune system activation were leaner than pigs with 
chronic  immune  system  activation  (Williams  et  al.,  1997c).  Differences  in  growth 
between challenged and unchallenged pigs were not due to improvements efficiency of 
energy utilisation for lean tissue accretion but rather in response to increased potential 
for growth (Williams et al., 1997a) and higher voluntary food intake (Williams et al., 
1997). There have been few investigations comparing the immune function of growing 
pigs  housed  in  deep-litter  and  conventional  housing  systems.  Comparisons  between 
indoor and outdoor pigs have been variable. Kleinbeck and McGlone (1999) found that 
outdoor  raised  pigs  showed  signs  of  stress-induced  immunosuppression  while  other 
studies were inconclusive (Franek and Bilkei, 2004). Pigs raised in deep-litter housing 
systems  may  have  increased  immune  system  activation  due  to  greater  exposure  to 
pathogens  compared  to  conventionally-housed  pigs.  Deep-litter  systems  have  higher 
concentrations  of  aerial  dust,  bacteria  and  endotoxins  compared  to  conventional 
concrete floored pig housing (Black, 2003). The nature of the deep-litter system, where 
faeces remain in-situ, increases the likelihood of pigs coming into contact with faecal 
material  and  therefore  pathogens,  compared  to  conventional  housing  systems  where 
faeces accumulate below floor level (Tuyttens, 2005). 
 
1.6  CONCLUSION 
The deposition and distribution of fat in the growing pig, and consequently the finished 
pork carcass, can be altered and manipulated by a range of factors that affect the growth  
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path  of  the  animal.  The  complete  environment,  including  the  physical,  thermal  and 
social environments, has an impact on the growth performance and fat deposition and 
distribution  in  growing  pigs.  Each  environmental  aspect  differs  greatly  between 
outdoor,  traditional  conventional  and  deep-litter  production  systems  and  therefore 
housing  can significantly  alter the  growth path of the pig and subsequently has the 
potential to alter fat deposition and distribution. The literature provides a plethora of 
information about the effects of production system, mostly outdoor versus conventional, 
on growth performance and carcass quality as determined by carcass weight and backfat 
depth. Nonetheless, there is very little information about the effect of housing on the 
deposition  and  distribution  of  fat  within  the  carcass.  In  Australia,  the  majority  of 
slaughter generation pigs are raised in either conventional and/or deep-litter production 
systems. Variability in carcass fatness, regardless of backfat depth, is an issue which has 
been brought to the fore since the development of the chilled carcass export market to 
Singapore. Therefore raising pigs in different production systems, namely conventional 
and  deep-litter,  has  been  identified  as  a  likely  contributor  to  the  variability  in  fat 
distribution. 
 
The  first  experiment,  conducted  as  a  serial  slaughter  study,  follows  the  growth  and 
development, and in particular the deposition of fat, of pigs raised from weaning at three 
weeks of age in conventional or deep-litter housing. The next study examines the effect 
on pig growth and fat deposition of a common management strategy used by Australian 
producers to incorporate conventional and deep-litter production systems, yet manage 
growth performance and pig fatness. Straw was identified as a major difference between 
conventional  and  deep-litter  production  systems  that  may  influence  pig  growth  and 
metabolism  in  a  number  of  ways,  therefore  the  third  experiment  examines  if  a 
significant portion of the variation in growth and development between conventional 
and deep-litter pigs is explained by the presence of straw bedding.   
 
HYPOTHESES: 
The general hypotheses tested in this thesis were: 
1.  The growth path differs for pigs raised in conventional and deep-litter housing 
systems, affecting fat accretion by altering the rate of lipogenesis, and therefore 
affecting fat distribution in the carcass.   
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2.  Moving pigs from deep-litter to conventional housing during the grower period 
will result in improved overall growth performance and reduced carcass fatness 
compared to pigs that are raised in deep-litter housing from wean-to-finish.  
3.  The presence of straw will alter the growth paths of growing pigs and affect fat 
distribution in the finished carcass, particularly by reducing the level of fat in the 
belly  primal,  compared  to  pigs  that  do  not  have  access  to  straw  during  the 
grower-finisher period.  
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CHAPTER 2 
 
 
General materials and methods  
  62 
2.1 ANIMALS AND MANAGEMENT 
Large  White  x  Landrace  female  pigs,  were  obtained  from  a  high-health-status 
commercial  piggery  (Wandalup  Farms  Pty  Ltd,  Mandurah  Western  Australia)  and 
transported to Medina Research Centre (Department of Agriculture and Food Western 
Australia) at the time of weaning (approximately 3 weeks of age, average LW 5.5 kg). 
Upon arrival pigs were weighed and identified with individually numbered ear tags. All 
pigs were individually weighed each week during the experimental periods. 
 
All pigs had ad libitum access to fresh feed and cool fresh water. The food allocated per 
pen was weighed so the quantity fed out was known. The nature of group housing and 
the bulk feeders meant that feed could not be weighed back and recording food wastage 
was difficult. Consequently the actual intake per pen could not be measured accurately 
and therefore was estimated according to feed disappearance and will be referred to as 
apparent voluntary food intake (apparent VFI). Subsequently the use of apparent VFI to 
calculate the feed conversion ratio (FCR) results in the FCR values reported in relation 
to the experimental work in this dissertation to also be an apparent value. Pigs were 
phase-fed  diets  according  to  a  feed  budget  which  is  explained  in  detail  in  the 
experimental  chapters.  All  experiments  were  approved  by  the  Animal  Ethics  and 
Experimentation  Committee  of  the  Department  of  Agriculture  and  Food  Western 
Australia. 
 
Experiment 1a and b was conducted between September 2003 and April 2004 (spring, 
summer  and  autumn).  Experiment  2a  and  b  was  conducted  between  May  2004  and 
October 2004 (late autumn, winter and spring). Experiment 3a and b was conducted 
between May 2005 and September 2005 (late autumn, winter early spring). Maximum 
and minimum temperatures during each experimental period are presented in Appendix 
1. 
 
2.1.1 Animal selection and treatment allocation 
Prior to allocation to treatments all pigs were weighed and inspected. Any pigs that 
appeared to be compromised in terms of health or by injury were removed from the 
selection group. Pigs were then sorted by LW and extremely light or heavy outliers 
were removed from the selection group. Pigs were then stratified by LW and allocated 
to treatments. Detailed methods are described in the following experimental chapters.  
  
  63 
Thirteen and 24 weeks of age were the time points selected for standard slaughter ages 
across  experiments.  At  13  weeks  of  age  pigs  have  fully  recovered  from  the  post-
weaning growth check and are at the beginning of the very rapid growth period. At 24 
weeks of age pigs were heavier than the current average slaughter weight in Australia, 
however this age was selected with the view that Australia may move to heavier pig 
production  in  the  coming  years  in  order  to  increase  production  and  processing 
efficiencies. 
 
2.2 HOUSING 
Pigs were group housed in conventional or deep-litter weaning facilities on arrival at the 
research station until eight weeks of age (approximately 20 kg LW) and then moved 
into  conventional  or  deep-litter  grower-finisher  facilities.  The  conventional  grower-
finisher housing used was similar between experiments and is described below. The 
conventional  weaning  and  deep-litter  weaning  and  grower-finisher  facilities  differed 
between experiments and is described in detail within the appropriate chapters. 
 
2.2.1 Conventional grower-finisher housing 
The conventional grower-finisher housing consisted of pens (total pen dimensions were 
3.6 x 1.8 m) with partially slatted floors where the solid concrete floor was 2.25 x 1.8 m 
and  the  plastic  slatted  area  was  1.35  x  1.8  m.  The  pens  were  within  a  naturally 
ventilated, insulated, commercial piggery. The pens were equipped with a single space 
feeder (30 cm wide), placed in one corner of the pen over the solid floor, and two nipple 
drinkers located on the side walls over the slatted area. The back wall of the pen (on the 
slatted area) was mesh allowing pigs to have visual and physical contact with pigs in the 
adjoining pen. The side walls and the front wall of the pen were solid panels. 
 
2.3 SLAUGHTER PROTOCOL 
Feed was removed from 12 hours prior to slaughter. Animals were transported to a 
commercial export abattoir (PPC Wholesale Food Services, Wooroloo, WA) (90 minute 
travel  time)  and  slaughtered  within  two  hours  of  arrival.  Hot  carcass  weight 
(AUSMEAT Trim 13; head off, flare off, fore trotters off, hind trotters on) and P2 
backfat thickness (Hennessey Grading Probe 4) were measured by abattoir staff as per 
normal commercial practice. Carcasses entered the chiller (2 
°C, airspeed 4 m/second) 
approximately 35 minutes after slaughter. 
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2.4 SAMPLE COLLECTION 
2.4.1 Collection of blood 
On the day before slaughter selected pigs were restrained by snout rope and 25 ml of 
blood  was  collected  via  vena  puncture  following  the  Animal  Experimentation  and 
Ethics  committee  guidelines  and  standard  procedures  for  blood  collection  in  pigs 
(Department of Agriculture and Food WA, 2003).  
 
The blood was collected into a syringe and 8 ml each was dispensed into two serum 
tubes (Disposable Products, L0202). The tubes were inverted gently several times and 
allowed to cool to room temperature before placing in a rack above ice for transport to 
the laboratory. Approximately 2.5  ml of whole blood was dispensed into a fluoride 
oxalate tube (10 mg NaFl, 8 mg K oxalate; Disposable Products, L024) and inverted 
gently several times. Immediately after inversion 0.5 ml of blood was removed from the 
fluoride oxalate tube and deproteinised in a 1.5 ml eppendorf containing 0.5 ml chilled 
perchloric acid (0.6 mol/L). The eppendorf was inverted rapidly and immersed in ice for 
transport  to  the  laboratory.  The  remaining  blood  in  the  fluoride  oxalate  tube  was 
allowed to  cool to  room temperature  and then stored  above ice for transport to the 
laboratory.  
 
2.4.2 Viscera and Carcass 
After slaughter, the viscera was collected for each pig and separated into: heart, liver, 
lungs,  kidneys,  spleen,  gastro-intestinal  (GI)  tract  (stomach,  large  intestine,  small 
intestine),  reproductive  tract  and  miscellaneous  (anything  that  remained  after  the 
previously  listed  components  were  removed,  including  any  muscle  and  fat).  Each 
component was emptied, washed, patted dry with paper towel and weighed. The flare 
fat was also collected and weighed. 
 
Approximately 60g of fat was collected from the hot carcass at each of the subcutaneous 
backfat (at the P2 site), belly fat (fat pad between the cutaneous trunci and the rectus 
abdominus at the ventral midline, in line with the last rib) and flare fat depots. Each 
depot sample was then divided into the following: 2 x ~3 g samples, devoid of skin and 
muscle, were placed into 5 ml plastic vials and transported in ice and stored at -80 
°C
 for 
later analysis of fatty acid profile; 3 x ~10 g samples, devoid of skin and muscle, were 
wrapped in aluminium foil and immersed in liquid nitrogen, then stored at -80 
°C
 for 
later analysis of the activity of key enzymes involved in lipogenesis.   
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Twenty-four hours after slaughter the right side of the carcass was broken down into 
shoulder, loin, belly and hind quarter primals. The shoulder primal was removed from 
the middle as a straight cut level with the junction 4
th and 5
th thoracic vertebrae, as 
described by Giles et al. (1983). The hind primal was removed from the middle with a 
straight cut between the last and second last lumbar vertebrae (Suster et al., 2004a). The 
middle was cut parallel to the dorsal edge at the point of the last rib, to give the loin and 
belly primals. The primals were wrapped in plastic bags, boxed and frozen in a blast 
chiller then stored at -20 
°C until required for composition analysis.  
 
2.5 BIOCHEMICAL MEASURES 
2.5.1 Blood Metabolites 
2.5.1.1 Preparation 
On return to the laboratory the serum and fluoride oxalate tubes were centrifuged at 
3400 rpm for 15 minutes at 6-8 
°C. The plasma from the serum tubes was dispensed into 
a series of 2 ml micro-tubes (Sarstedt, 72.694.007) and stored at -20 
°C until analysis of 
acetate, glycerol and NEFA concentration. Plasma from the fluoride oxalate tubes was 
dispensed  into  a  2  ml  micro-tube  and  stored  at  -20 
°C  until  analysis  of  glucose 
concentration.  The  eppendorfs  containing  deproteinised  blood  were  centrifuged  at 
12000 rpm for 10 minutes at room temperature. The plasma was collected into a 2 ml 
micro-tube and stored at -20 
°C until later analysis of lactate concentration. 
 
2.5.1.2 Determination of plasma metabolite concentrations 
The  analysis  of  plasma  for  metabolite  concentrations  was  conducted  at  the  Animal 
Health  Laboratory  (Department  of  Agriculture  and  Food  WA,  Perth,  Western 
Australia), using commercially available kits. 
 
The  concentration  of  plasma  NEFA  was  determined  using  the  ACS-ACOD  method 
using a NEFA C test kit (Wako Chemicals, Neuss, Germany, kit code 27975401), which 
utilises  an  in  vitro  enzymic  colorimetric  method.  Colorimetric  determination  was 
carried out at 500 nm using an Olympus AU400 (France) analyser. 
 
Plasma glucose concentration was determined following the glucose oxidase method 
proposed by Trinder (1969) using  a  glucose-liquid kit (Integrated Science, Cat. No.  
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IS3130) and measured using an automated analyser (Olympus AU400, France) at 520 
nm. 
 
Plasma  glycerol  concentration  was  determined  using  a  Randox  enzymic  reagent  kit 
(Randox Laboratories Ltd, United Kingdom, Cat. No. GY105) and was measured using 
an automated analyser (Olympus AU400, France) at 520 nm. 
 
Plasma acetate and plasma lactate concentrations were determined enzymatically using 
the  acetic  acid  UV  and  the  D-lactic  acid/  L-lactic  acid  UV  test  kits  available  from 
Boehringer (Boehringer Mannheim, Germany, Cat. No. 148261; Cat. No. 11112821035, 
respectively) and measured on a Roche Cobas Mira analyser (USA) at 340 nm. 
 
2.5.2 Fatty acid (FA) profile 
The  FA  profile  of  fat  tissue  was  determined  at  the  Animal  Health  Laboratory 
(Department of Agriculture and Food WA, Perth, Western Australia). The FA profile of 
tissue was determined as described by Manning and Harvey (2002) where lipids were 
extracted  and  methylated  (AOAC,  1990)  before  gas  chromatography  (Aligent  6890 
series GC System, USA).  
 
2.5.3 Enzyme Activity 
2.5.3.1 Preparation 
2.5.3.1.1 Powdering fat 
Samples were immersed in liquid nitrogen. Approximately 2 g of fat tissue (obtained by 
hitting the frozen sample with a hammer) was transferred to the liquid nitrogen chilled 
macerator. The chilled piston was installed and hit solidly five to six times with a rubber 
mallet. The piston was removed and the pellet within the macerator was broken up 
using a pre-chilled screwdriver. The process was repeated (once or twice) until the fat 
was powdered finely. It was then transferred into 5 ml vials chilled with liquid nitrogen 
and then stored at –80 
°C. 
 
2.5.3.1.2 Homogenising fat 
Within one hour of homogenising, 18.42 mg of reduced glutathione (GSH) (Boehringer, 
Boehringer  Mannheim,  West  Germany)  and  180  µl  of  stock  phenylmethanesulfonyl 
fluoride (PMSF) [7 mg PMSF (Sigma, Sigma Aldrich Co. St Louis, USA) per ml of 
Na2SO4-dehydrated  propan-2-ol]  was  mixed  into  60  ml  of  homogenising  buffer  
  67 
[300mM  sucrose  (102.69g)  (Univar,  Ajax  Finechem,  Seven  Mills,  NSW  Australia), 
30mM  tris  base  (3.633g)  (Sigma,  Sigma  Aldrich,  Sydney,  NSW  Australia),  1mM 
EDTA Na2 (0.3722g) (Chem-Supply Pty. Ltd., Gillman, SA, Australia) made up to 1 
litre with deionised (DI) water and adjusted to pH 7.4 with hydrochloric acid (HCL) 
(6M)]. 
 
In a chilled test tube, 4.5 ml of homogenisation buffer was added to 1.5 g of powdered 
fat and homogenised (Polytron probe (Polytron ® PT10-35, 6005 Luzern, Switzerland), 
setting ‘7’). The homogenate was centrifuged (58,000 rpm, 20 minutes, 4 
°C) (Beckman 
L-90  Ultracentrifuge,  Beckman-Coulter,  USA)  and  the  supernatant  transferred  to 
eppendorfs (in triplicate), snap frozen in liquid nitrogen and then stored at -80 
°C
 until 
required for analysis.   
 
2.5.3.2 Determination of enzyme activities 
2.5.3.2.1 Acetyl CoA carboxylase (ACoACBX) 
The activity of ACoACBX (EC 6.4.1.2) was assayed by the H
14CO3
- fixation method of 
Chang  et  al.  (1967)  as  modified  by  Mellenberger  et  al.  (1973)  and  with  further 
modification  to  the  preparation  of  assayed  samples  for  measurement.  The  reaction 
principle is based on the rate of acetyl-CoA dependant H
14CO3
- incorporation into acid 
stable 
14C activity (malonyl-CoA) (Gregolin et al., 1968) (Figure 2.1). Each sample was 
assayed in duplicate and a standard sample of pig fat homogenate was run with every 
batch of samples assayed. 
 
ATP + H
14CO3
- + acetyl CoA     
ACoACBX    ADP + Pi + malonyl-CoA 
 
Figure 2.1 Assay to determine ACoACBX activity via the production of Malonyl-CoA 
(Gregolin et al., 1968) 
 
Pre-incubation (37 
°C, 30 minutes) of 150µl of chilled homogenised sample began in 
test  tubes  with  the  addition  (staggered  at  15  second  intervals)  of  350µl  of  premix 
solution [125 mg of bovine serum albumin (BSA) (Sigma, Sigma Chemical Co., St 
Louis,  USA),  30.7  mg  of  reduced  glutathione  (GSH),  35  ml  of  the  stock  pre-mix 
solution (in 500 ml 0.66605 g Tris, 2.9041g MgCl2 (Univar, Ajax Finechem, Seven 
Mills, NSW Australia), 4.6342 g  K3 Citrate (BDH AnalaR, BDH Ltd, Poole, England); 
pH 7.4), pre-warmed (37 
°C, 10 minutes)].   
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After incubation the assay was initiated by adding 500 µl of assay mix [14.25 ml of 
stock assay mix (25 ml from 500 ml stock of 2.422 g tris, 4.066 MgCl2, 6.4882 g K3 
Citrate; 0.05844g EDTA; pH 7.4; made up to 47.5 ml with DI water and mixed with 
30.7 mg GSH, 125 mg BSA) mixed with 4.84 mg Acetyl CoA - lithium salt (ACoA) 
(Sigma, Sigma Aldrich, Sydney, NSW Australia), 22.72 mg ATP (neutralised with 14.5 
µl 5M NaOH) and 31 mg NaHCO3 premixed with 750 µl of 
14C-NaHCO3 200 uCi/ml 
(Amersham, Amersham Pharmacia Biotech, Baulkham Hills, NSW, Australia (1 mCi 
14C-NaHCO3 made up to 5 ml with 0.1 M NaOH] and allowed to run for 10 minutes (37 
°C). The reaction was stopped (at 15 second intervals) by the addition of 200 µl HCL (6 
M). 
 
A total of 400 µl of sample was transferred in two aliquots to two layers of filter paper 
(Whatman  No.  1;  3  x  5cm)  which  was  inserted  into  the  top  of  a  10  ml  plastic 
scintillation vial and allowed to dry in a fume hood overnight. When dry the filter paper 
was pushed into the vials and 4 ml of liquid scintillant (Emulsifier-Safe, Perkin Elmer, 
Rowville, Vic, Australia Cat. No. 6013389) was added. A liquid scintillator counter 
(Beckman Coulter LS 6500, Beckman Coulter Inc., USA) was used to determine the 
decompositions per second (DPS) of 
14C in the samples. The data were corrected for 
background activity by subtracting the DPS of the blank (0 µl homogenate) sample from 
each of the samples containing homogenate. The production of bicarbonate (nmol) per 
minute, per gram of fat tissue was calculated from DPS using the following equation:   
 
nmol/g fat/minute = [(DPS x 60)a / (57 x 3.7 x 10
7)b x (1200 / 37.5)c x 10
6
d/10
6
e] / 10f 
 
Where:  
a = DPS (disintegrations per second) x 60 = disintegrations per minute 
b = Specific activity of 
14C-NaHCO3 is 57 mCi/mmol; 3.7x10
7 is the specific activity of 1 mCi in DPS 
c = Total volume of sample / total µg fat 
d = convert mmol to nmol 
e = convert µg to g 
f = convert calculation from per 10 minutes (assay run time) to per minute  
 
Prior to running the experimental samples in the assay an exponential dose response 
curve was established using a standard homogenised sample from an animal which was 
not used in the experimental studies. This allowed the conditions of the assay to be 
optimised and indicated that 150 µl of homogenate was a sufficient volume to use in the 
assay as it provided enough substrate to produce adequate amounts of bicarbonate for  
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measurement by liquid scintillation (Figure 2.2a). To obtain a linear curve the volume 
of homogenate was plotted against logarithmic concentrations of bicarbonate (Figure 
2.2b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  2.2a  Dose  response  curve  for  homogenised  pig  fat  in  the  acetyl  CoA 
carboxylase assay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  2.2b  Dose  response  curve  for  homogenised  pig  fat  in  the  acetyl  CoA 
carboxylase  assay.  Volume  of  homogenate  plotted  against  the  logarithmic 
concentrations of bicarbonate. 
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The activity of G6PDH (EC 1.1.1.49) was determined following the methodology for 
tissue described by Deutsch (1983) and the principle is based on the rate of NADPH 
production (Figure 2.3).  Assays for each sample were conducted in duplicate and a 
standard sample was run with every set of experimental samples. The standard used was 
the homogenised back fat from a spare pig not used in the studies. 
 
Glucose-6-phosphate + NADP
+     
G6PDH    6-phosphogluconolactone + NADPH + H
+ 
 
Figure 2.3 Assay to determine G6PDH activity via the production of NADPH  
(Deutsch, 1983) 
 
A pre-mix of stock reagents was made from 2.5 ml Tris buffer (6.05 g tris, 100 ml DI 
water, pH 7.5),  2.5 ml MgCl2 (1.28 g MgCL2, 100 ml DI water), 2.5 ml NADP 3.8 mM 
(0.0598 g NADP (Roche, USA), 20 ml DI water) and 12 ml DI water and stored on ice. 
Cuvettes (1 ml, Sarstedt, Ref 67.742) were prepared by adding approximately 0.5 mg of 
maleimide (Aldrich, Sigma Aldrich, Sydney, NSW Australia), 800 µl pre-mix, 50 µl 
homogenate and 50 µl of homogenising buffer (described in 2.5.3.1). The preparation 
was mixed by inversion and incubated (5 minutes, 37 
°C). The samples were then run in 
the  spectrophotometer  (Beckman  Du®650,  Beckman-Coulter,  USA;  37 
°C,  340  nm, 
interval between measures: 15 seconds, total assay length: 300 seconds) to determine 
that there was no background NADPH formation. The kinetic assay was initiated by 
adding  100  µl  of  glucose-6-phosphate  (G6P)  solution  (33  mM,  0.18619  g  G6P 
(Boehringer, Boehringer Mannheim, West Germany), 20 ml DI water) to the cuvettes 
and mixing by inversion and the samples were run in the spectrophotometer to measure 
the production of NADPH. The following calculation was used to determine NADPH 
production: 
 
µmol NADPH / gram tissue =   µmol x 80
a 
 
aConversion factor: determined by calculating the amount of adipose tissue in each assayed sample.  
Conversion factor: 4/1 x 1000/50 = 80 
Where there was 1.5g of powdered fat tissue in 4.5ml homogenising buffer, proportionately 1:4. In the 
assay there was 50µl homogenate in a total of 1000µl.  
 
Initially a number of dose response experiments were conducted to determine that there 
was going to be a linear response in the measured activity with increasing concentration 
of  homogenate,  and  that  the  line  would  go  through  0,  indicating  no  background  
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formation of NADPH (Figure 2.4). The dilution rate of homogenate was determined at 
1:1, 50 µl homogenate to 50 µl homogenising buffer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Dose response curve for homogenised pig fat in the glucose-6-phosphate 
dehydrogenase assay. 
 
 
2.6 CARCASS COMPOSITION 
The primals were analysed for fat and lean content via dissection (Experiment 1) or dual 
energy X-ray absorptiometry (DXA) (Experiments 2 and 3). Dissections of the carcass 
primals were carried out at a retail level into bone, lean tissue and fat tissue (Suster et 
al., 2004a; Suster et al., 2004b; Suster et al., 2005), and each of the tissues were  then 
weighed.  The  fat  tissue  component  included  subcutaneous  fat  (plus  skin)  and 
intermuscular fat removed from the lean tissue (Buck et al., 1962). Carcass and primal 
composition analyses were conducted using a Hologic QDR 4500A fan beam X-ray 
bone densitometer as described by Suster et al. (2003) and Suster et al. (2004a). Each 
carcass  side  was  reconstructed  from  the  primals  and  placed  on  the  DXA  table  cut 
surface  down.  The  side  was  then  scanned  using  the  QDR4500A  regional  analysis 
software and calibration models developed by Suster et al. (2003). Carcass orientation 
on the scan table was consistent between scans.  
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2.6.1 Intramuscular fat content 
A 20 g sample of l. dorsi muscle, trimmed of visible fat and skin, was collected in line 
with the last rib to determine the percentage of intramuscular fat via Soxhlet extraction 
method  (AOAC,  Official  Method  960.39,  1990)  at  Microserve  Laboratory  Pty  Ltd, 
Perth Western Australia (NATA Accreditation No. 10642).  
 
2.7 OBJECTIVE MEAT QUALITY ASSESSMENT 
Objective measurements of technological pork quality were conducted at 24 hours post-
slaughter for Experiments 2 and 3.  
 
2.7.1 Surface exudate 
The filter paper method developed by Kauffman et al. (1986) was used to determine 
surface exudate, an indicator of drip loss. A 2 cm thick steak was cut from the posterior 
end of the l. dorsi muscle and the fresh cut surface was allowed to bloom for 10 minutes 
at room temperature. Number 589/3 ashless filter paper, 45 mm diameter (Schleicher 
and Schull, Ref no. 10300204, Dassell, Germany), was tared to zero and then placed on 
the muscle surface and gently smoothed over (<2 seconds) then removed, with care 
taken not to allow small pieces of tissue to adhere to the filter paper. The filter paper 
was then re-weighed.  
 
The weight of the moisture on the filter paper was converted to percent drip loss using 
the following equation: 
 
%24 h drip loss = -0.1 + 0.06 (mg fluid) ± 0.9%, R
2 = 0.90   
(Kauffman et al., 1986) 
 
2.7.2 Muscle colour (L*, a*, b*) 
Colour measurements were made after allowing the cut muscle surface to bloom for 10 
minutes, taking care to avoid the muscle surface where there were intramuscular fat 
depots and the sites where drip loss had been previously measured. The colour was 
measured using a Chroma meter CR-400 (Minolta, Osaka, Japan.) measuring in the CIE 
L
*, a
*, b
* system using D65 lighting, a 2
o standard observer and 8 mm aperture in the 
measuring head standardised to a white tile. The measurement L
* denotes lightness, a
* 
relative redness and b
* relative yellowness.  
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2.7.3 Ultimate pH 
Muscle ultimate pH was measured using a waterproof hand-held Cyberscan pH / mV / 
temperature meter 300 (Eutech Instruments Pty Ltd., Singapore) with a direct pH probe 
(and temperature probe) inserted into the l. dorsi. The pH probe was calibrated using 
standard buffer solutions (Eutech Instruments Pty Ltd., Singapore) of pH 4.0 and pH 7.0 
at 20 
°C. 
 
2.7.4 Cook loss and shear force 
Meat  samples  were  prepared  and  cooked  as  described  by  Bouton  et  al.  (1971), 
incorporating modifications described by Channon et al. (2003). A rectangular block 
(100 ± 2 g) of l. dorsi muscle was prepared with the length of the sample running 
parallel to the muscle fibres, then trimmed of external fat and epimysium, and weighed. 
The pork samples were placed separately into thin plastic bags and suspended in a water 
bath  (Thermoline  Scientific,  Australia)  fitted  with  a  Mini  Unistat  heater/circulator 
(Model 110, Australia) and cooked at 80 
°C for one hour. The bags were cooled in cold 
running water for 30 minutes after which time samples were removed from the plastic 
bag, patted dry with paper towel, and weighed. Cook loss was determined by dividing 
the weight of each sample after cooking by its pre-cooked weight and expressing this as 
a percentage of the raw meat sample. The samples were placed in new plastic bags and 
refrigerated overnight at 4 
°C.  
 
The refrigerated cooked meat sample was then cut into five sub-samples of 1.5 cm wide, 
parallel to the muscle fibres, and 0.7 cm thick. Objective tenderness was measured using 
a  Warner-Bratzler  shear  force  blade  fitted  to  an  Instron  Universal  testing  machine 
(Model  1122,  England;  Tension  load  cell  type  2511-104  Model  A30-40  UK  1233, 
England) with a crosshead speed of 200 mm/min. A 10 kN load cell measured the peak 
force required to shear muscle fibres. 
 
2.8 STATISTICS  
Data were analysed using the ANOVA procedure of Genstat© (2005, 8
th edition, Lawes 
Agricultural Trust). The measure of variance in analyses is presented as pooled standard 
error of the mean (SEM). Effects were considered significant if P≤0.05. If the P-value 
lay  between  P>0.05  and  ≤0.1  then  the  effects  were  considered  as  trends.  Detailed 
methods are presented in each experimental chapter.  
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CHAPTER 3 
 
 
Fat deposition in Large White x Landrace female pigs housed 
in conventional or deep-litter housing from 15 to 180 kg live 
weight  
  76 
3.1 Introduction to Experiments 1a and 1b 
The objective of commercial meat animal production is to maximise lean tissue gain, as 
it is the lean carcass tissue which is of the greatest economic value. The reduction of fat 
deposition,  particularly  in  the  subcutaneous  depot,  has  been  a  major  goal  in  the 
continuing improvement of pork production for many years (Monziols et al., 2005). 
Many genetic selection programs to reduce carcass fat have been based on reducing 
subcutaneous backfat thickness at the P2 site. The P2 measurement has been the best 
single  indicator  of  carcass  fatness  (Buck  et  al.,  1962,  Kempster  and  Evans,  1979a; 
Fortin and Elliot 1985; Aziz et al., 1993), explaining around 62% of the variation in 
carcass  lean  (Buck  et  al.,  1962).  However,  findings  suggest  that  heavy  selection 
pressure has caused a redistribution of carcass fat (McPhee and Daniels, 1991; Browne 
and Robb, 1994), and therefore the relationship between backfat and total carcass fat 
may not be consistent (Wood et al., 1983; Diestre and Kempster, 1985; Suster et al., 
2003).  
 
Minimising  variability  in  carcass  quality  is  important  for  the  pork  industry  so  that 
market specifications can be met consistently. A current issue for the Australian pork 
industry  is  variability  in  belly  fatness.  This  has  highlighted  the  inconsistency  of  P2 
thickness  as  an  indicator  of  total  carcass  fat.  Australian  pork  carcasses  exported  to 
Singapore  are  selected  to  meet  particular  backfat  specifications,  however  there  are 
complaints from customers that the belly primals can be too fat (D’Souza et al., 2004). 
The  belly  is  a  premium  cut  in  Asian  markets,  however  in  the  past  has  not  been 
considered valuable in Australia and therefore genetic improvement programs have not 
selected  for  belly  leanness.  Increasing  belly  leanness  through  breeding  selection 
programs will take time, so the industry must look towards management strategies to 
reduce belly fatness in the interim. 
  
A number of recent studies have compared the effects of different production systems 
and reported differences in pig growth performance, carcass quality (as measured by 
backfat  depth)  and  meat  quality  between  pigs  housed  in  outdoor,  deep-litter  and 
conventional production systems (Nilzén et al. 2001; Gentry et al., 2002b; Honeyman 
and  Harmon,  2003;  Gentry  et  al.  2004;  Lambooij  et  al.,  2004;  Honeyman,  2005; 
Johnston  et  al.,  2005).  Differences  in  the  growth  paths  of  pigs,  often  determined 
nutritionally by energy and protein intake relative to the animals’ requirements, leads to 
differences in body tissue deposition and distribution (Campbell et al., 1984; Bikker et  
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al., 1996b). It is likely that the nutrient requirements of pigs differ when housed in 
conventional  or  deep-litter  systems  because  of  the  vastly  different  environments 
between  the  two  systems.  In  Australia,  the  majority  of  grower-finisher  pigs  are 
produced either in conventional confinement systems or in low-cost deep-litter systems. 
It is estimated that about 75% percent of slaughter generation pigs raised in Western 
Australia  spend  some  time  in  deep-litter  systems  (H.  Payne,  Pers.  Comm.  2006), 
therefore  it  is  likely  that  housing  is  a  primary  factor  contributing  to  differences  in 
carcass fat distribution and consequently carcass variability.  
 
The objective of the experiments reported in the current chapter was to determine the 
effect  of  conventional  and  deep-litter  housing  on  fat  deposition,  and  therefore 
distribution, in growing pigs. It was hypothesised that the growth path differs for pigs 
raised in conventional and deep-litter housing systems and this affects fat accretion by 
altering the rate of lipogenesis, and therefore affecting fat distribution in the carcass.  
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EXPERIMENT 1A 
 
3.2  The effect of conventional versus deep-litter housing on lipogenesis and the 
characteristics of fat deposited in female Large White x Landrace pigs grown from 
15 to 180 kg live weight. 
 
3.2.1   Introduction 
Fat accretion in animals is the result of the balance between the total rate of lipogenesis 
versus the simultaneous rate of fatty acid oxidation, or lipolysis (Vernon, 1986). Fat 
accretion in the pig occurs primarily through de novo  FA synthesis and lipogenesis 
within the adipocyte (O’Hea and Leveille, 1969a; Ding et al., 2000) for which glucose 
is the primary energy source. Dunshea et al. (1992) demonstrated in growing pigs that 
when lipid accretion was reduced through administration of pST, the rate of de novo 
lipogenesis was reduced through a decrease in glucose uptake.  
 
The majority of adipocytes in the pig are differentiated soon after birth (Mersmann et 
al.,  1973;  Hausman  and  Kauffman,  1986),  therefore  increases  in  fat  tissue  during 
growth, via increased lipogenic enzyme activity within the adipocyte (Eguinoa et al., 
2003), are comparable to an increase in adipocyte diameter (Anderson et al., 1972; 
Steele et al., 1974; Etherton et al., 1981). With fat loss, there is a reduction in adipocyte 
diameter, as demonstrated in humans (Depres et al., 1984), rats (Askew and Hecker, 
1976; Bukowiecki et al., 1980) and miniature pigs (Carey and Sidmore, 1994; Carey, 
2000). 
 
Reduced lipogenesis, caused by the treatment of pigs with pST (Kramer et al., 1993; 
Rehfeldt et al., 1994), or temperature, that is low temperatures and restricted feeding 
(Kouba  et  al.,  2001),  or  high  temperatures  compared  to  low  temperatures  (with  ad 
libitum feeding) (Lefaucher et al., 1991), alters the FA profile of fat tissue. It is likely 
that  this  is  a  consequence  of  the  reduced  de  novo  FA  synthesis  and  therefore  an 
increased  proportion  of  preformed  fatty  acids  of  dietary  origin  synthesised  into 
triglycerides for storage (Fuller et al., 1974; Dunshea et al., 1992).   
 
The rate of lipogenesis varies between and within fat depots. In growing pigs the rate of 
lipogenesis tends to be highest in depots where fat is deposited readily, e.g. omental 
tissue,  and  lowest  where  fat  is  deposited  sparsely,  e.g.  subcutaneous  fat  on  the  leg  
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(Anderson et al., 1972). Within the distinctive layers of subcutaneous backfat the rate of 
lipogenesis  tends  to  be  higher  within  the  inner  layers  compared  to  the  outer  layers 
(Anderson et al., 1972; Hood and Allen, 1977). With backfat depth at the P2 site being 
the best indicator of fat and lean in the pig carcass for the past 40 years, the rate of 
lipogenesis and ways to manipulate it in backfat have been well investigated. There has, 
however,  been  little  investigation  into  fat  metabolism  within  belly  fat.  Suster  et  al. 
(2005) demonstrated that when pigs are treated with pST the dose-dependent increase in 
lean yield and reduction of fat in the carcass was also reflected in the belly primal, 
however the dose response in belly composition was more pronounced relative to the 
whole carcass and other cuts. With the development of Australian pork exports into 
Asian markets, the value of the belly primal has increased significantly, and this has 
highlighted  issues  with  over-fat  pork  bellies  despite  carcasses  meeting  backfat 
specifications (Suster et al., 2005).  
   
Two types of production systems are commonly used to raise grower-finisher pigs in 
Australia. Conventional (C) rearing systems are characterised by insulated buildings, for 
which temperature and airflow can be regulated. In these systems, pigs are generally 
housed on partially or fully-slatted concrete floors and in groups of 10 – 40 pigs/pen. In 
deep-litter (DL) production systems pigs are less confined and are raised in large groups 
(of 200 and above) on bedding, in naturally ventilated, non-insulated structures. Cereal 
straw and rice hulls are the primary forms of bedding used in Australia (Payne et al., 
2000).  
 
Payne et al. (2000) indicated that there was general consensus that pigs reared in DL 
systems in Australia grew faster but had a poorer feed conversion, and were likely to 
have  increased  P2  backfat  compared  to  pigs  raised  in  C  production  systems. 
Conventional  and  DL  pig  production  systems  have  disparate  thermal,  physical  and 
social  environments  and  in  turn  these  can  influence  the  ways  in  which  energy  is 
partitioned towards maintenance and lean and fat tissue deposition (Speer, 1991).  
 
In  this  experiment  it  was  hypothesised  that  total  lipogenesis  in  adipose  tissue, 
particularly from the belly, of  growing pigs housed in C production systems would 
differ to that from pigs raised in DL production systems. This could be a reflection of 
the  contrasting  thermal,  physical  and  social  environments.  Differences  in  lipid 
metabolism affect adipocyte size and adipose FA profile, therefore the characteristics of  
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adipocytes and fat tissue, particularly from the belly, would differ between growing C- 
and DL-housed pigs.   
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3.2.2 Materials and Methods 
3.2.2.1 Experimental Design 
The experiment was a factorial design, having two housing treatments, conventional (C) 
and deep-litter (DL), and four slaughter ages 7, 13, 24 and 35 weeks of age. Slaughter 
by age, rather than live weight, allowed for variability, between pigs, in weight at each 
age. 
 
3.2.2.2 Animals, housing and diet 
One hundred and forty four (plus eight spares) female pigs (Large White X Landrace) 
were obtained at weaning, as described previously in Chapter 2.1. The average live 
weight  of  the  pigs  was  5.7  ±0.09  kg.  A  spare  pig  was  randomly  allocated  to  each 
conventional pen to ensure that the experimental pigs were not individually housed by 
the end of the experiment (35 weeks of age). On arrival, the piglets were stratified by 
weaning weight into two housing treatments, C or DL. Pigs allocated to treatment C 
were stratified by weight into eight groups (therefore nine experimental pigs plus one 
spare pig per pen) and a slaughter age of 7, 10, 13, 16, 20, 24, 26, 30 and 35 weeks was 
randomly  allocated  to  each  pig  within  each  group.  Pigs  in  the  DL  treatment  were 
stratified by weight into eight groups and each slaughter age was randomly allocated to 
the pigs within each group. 
 
On arrival each group of C pigs were allocated to a pen within a conventional, insulated 
weaner facility (eight pens) until nine weeks of age. The weaner pens were 3.3 x 1.2 m 
where the solid concrete lying area (1.3 x 1.2 m) was an enclosed kennel heated by an 
infra-red heating lamp and fitted with a four-space feeder (1.15 m width). Cool, fresh 
water was available ad libitum, via two wall mounted nipple drinkers located in the 
mesh  slatted  area  of  the  pen  (2.0  x  1.2  m).    At  nine  weeks  each  pen  of  pigs  was 
randomly allocated to grower-finisher pens in the conventional grower-finisher facility, 
as described previously (Chapter 2.2.1). On arrival the DL pigs were housed as one 
group in a low-cost deep-litter shelter fitted out for weaner pigs. The shelter was 14.4 m 
long by 9 m wide. There was a 3.6 x 9 m concrete feeding platform at the east end 
where four Trevaskis feeders (64 feeding spaces) and 10 Drik-o-mat drinking bowls 
were located. The bedded area was soil based and thickly bedded with barley straw. 
Straw  bales  were  placed  near  the  gates  at  the  west  end  of  the  shelter  to  provide 
additional protection from the weather. At nine weeks of age the DL pigs were moved 
into one half of a grower finisher shelter that had been divided length ways by a solid  
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timber fence into two pens. The shelter had solid timber walls to 1.2 m high and the roof 
(tunnel) was covered in an aluminium coated woven polyethylene tarpaulin, painted 
matt black on the inside. Each end of the shelter was fitted with mesh gates. The pen 
was 22 m long by 4.5 m wide and was equipped with a bulk feeder with eight feeding 
spaces. Water was provided by six Drik-o-mat drinking bowls. The feeders and drinkers 
were positioned on a raised, concrete feeding platform (3.6 x 4.5 m) at the east end of 
the shelter. The bedded area was a base of compacted limestone bedded thickly with 
barely straw. Fresh straw was added as required to maintain a dry lying area for all pigs 
at about 0.8 kg/pig day.  
 
Pigs were phase-fed six commercial diets (Table 3.1), following a feed budget over the 
live weight range of 5 to 185 kg: Creep (5.7-8.5 kg LW), Weaner (8.5-19 kg LW), 
Grower  1  (19-40  kg  LW);  Grower  2  (40-60  kg  LW),  Finisher  (60-85  kg  LW)  and 
Presale (85-185 kg LW). The creep diet was in crumble form while the remaining diets 
were pelleted. 
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Table 3.1 Composition of experimental diets. 
 
  Diet 
Ingredient (%)  Creep  Weaner  Grower1  Grower2  Finisher1  Presale 
Wheat  11.6  16.8  -  -  -  - 
Groats  30.5  10.0    -  -  - 
Barley  -  24.9  42.6  51.3  50.0  49.9 
Triticale  -  5.0  15.0  13.0  8.15  - 
Lupins  -  -  -  11.4  30.0  19.6 
Breadcrumbs  15.0  -  -  -  -  - 
Mill-mix
a  -  5.0  4.7  -  -  7.9 
Reworks
b  -  -  -  -  5.0  5.0 
Lupin Kernel  5.0  10.0  20.0  8.6  -  - 
Lupin Bran  -  -  -  -  1.85  10.0 
Canola Meal  -  -  10.0  8.0  -  - 
Oat hulls  -  -  -  -  -  3.0 
Soya-bean Meal  7.0  7.0  -  2.4  -  - 
Full fat Soya  5.0  5.0  -  -  -  - 
Meat and Bone Meal  6.4  5.4  -  -  -  - 
Bloodmeal  1.0  1.0  2.0  -  -  - 
Fishmeal  5.2  4.0  -  -  -  - 
Skim Milk  5.0  -  -  -  -  - 
Whey Powder  2.5  -  -  -  -  - 
Tallow Press  4.2  3.8  2.0  2.0  2.0  2.0 
Choline Chloride 75%  0.04  0.03  0.01  0.01  0.01  0.01 
Alimet  -  -  0.12  0.08  0.11  0.04 
Limestone   -  0.75  1.5  1.4  0.95  0.95 
Dicalcium phosphate  -  -  1.0  1.05  1.1  0.9 
Salt  -  0.14  0.28  0.25  0.28  0.40 
Zinc Oxide  0.3  0.25  -  -  -  - 
Acid-Lac  0.3  -  -  -  -  - 
Porzyme tp 100  0.1  0.1  -  -  -  - 
DL-Methionine  0.08  0.08  -  -  -   
Lysine  0.34  0.43  0.44  0.26  0.22  0.07 
L-Threonine  0.09  0.08  0.05  0.025  0.03  - 
Vitamin/Mineral mix
*  0.25  0.25  0.25  0.25  0.25  0.125 
   
  Calculated nutrient composition 
DE (MJ/kg)  15.83  15.01  13.99  13.82  13.40  12.08 
Available Lysine  
(g/MJ DE) 
0.93  0.79  0.67  0.59  0.55  0.44 
Protein (%)  23.48  22.01  19.31  17.12  16.37  14.00 
Crude Fibre (%)  2.56  3.98  5.71  6.49  8.76  11.72 
ADF (g/kg)  3.19  5.16  7.48  8.32  10.94  14.39 
aMill mix: a by-product of flour milling 
bReworks:  the  residual  feed  remaining  within  the  feed  mill  from  a  previous  diet  mix  (therefore  the 
specifications are known)  
*Provided the following nutrients (per kg air-day diet): 
Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 µg, 
Calcium pantothenate 25 mg, Folic Acid 0.5 mg, Niacin 30 mg, Biotin 75 µg. 
Minerals: Co 0.5 mg (as cobalt sulphate), Cu 25 mg (as copper sulphate), Iodine1.25 mg (as potassium 
iodine), Iron 150 mg (as ferrous sulphate), Mn 100 mg (as manganous oxide), Se 0.5 mg (as sodium 
selenite), Zn 0.25 mg (as zinc oxide) 
 
3.2.2.3 Measurements and sample collection 
Pigs were weighed weekly and the total amount of feed allocated per pen was recorded 
over  the  experimental  period.  Plasma  and  fat  samples  were  collected  from  pigs 
slaughtered at 7, 13, 24 and 35 weeks of age.  
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Approximately twenty five millilitres of blood were collected from each pig via vena 
puncture on the morning of the day prior to slaughter to measure circulating levels of 
NEFA, glucose, glycerol, lactate and acetate. The collection procedure and processing 
of blood and plasma was done as described in Chapter 2.4.1 and Chapter 2.5.1.1. 
 
Pigs were slaughtered at a commercial abattoir as described in Chapter 2.3, with the 
exception of pigs slaughtered at seven weeks of age. The first slaughter was performed 
at Medina Research Centre where pigs were stunned via captive bolt gun, and then 
exsanguinated, following the Medina Research Centre’s standard operating procedure 
for  humane  euthanasia  of  pigs  (as  per  the  Code  of  Practice  for  pigs  in  Western 
Australia, 2003).  
 
Post slaughter, adipose samples from back, belly and flare fat depots were collected 
from the hot carcass as described in Chapter 2.4.2, into liquid nitrogen and stored at -80 
°C  until  later  analysis  of  FA  profile  and  the  activity  of  key  enzymes  involved  in 
lipogenesis.  Additional  fat  samples  that  were  approximately  1.5  x  4  cm,  with  skin 
attached, were collected from the belly fat and backfat sites and fixed in 10% formalin 
for later determination of adipocyte diameter.  
 
3.2.2.4 Laboratory analyses  
3.2.2.4.1 Biochemical analyses 
Thirteen  and  24  weeks  of  age  were  selected  as  the  standard  slaughter  ages  in  the 
experiments  of  this  thesis  (Chapter  2.1.1)  therefore  the  activities  of  G6PDH  (EC 
1.1.1.49) and ACoACBX (EC 6.4.1.2) were determined in backfat and flare fat at 13 
and  24  weeks  of  age  however,  in  order  to  collect  additional  information  about  fat 
accretion in the belly, enzyme activities were measured in the belly fat of pigs at 7, 13, 
24 and 35 weeks of age. The tissue was powdered and homogenised in preparation for 
enzyme activity analysis following the methods described earlier in Chapter 2.5.3.1. 
The activity of G6PDH was assayed by the spectrophotometric  measurement of the 
appearance of NADPH at 339nm (Deutsch, 1983). The assay to measure the activity of 
ACoACBX  was  based  on  the  H
14CO3
-  fixation  method  (Chang  et  al.,  1967; 
Mellenberger et al., 1973). Enzyme activities were expressed as unit per gram of fat 
tissue. The detailed methodology of the assays has been described previously in Chapter 
2.5.3.2.  
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Total lipids were extracted and methylated (AOAC, 1990) from the belly, back and flare 
fat depots for pigs at 7, 13, 24 and 35 weeks of age. The FA profile was determined via 
gas chromatography (Aligent 6890 series GC System, USA). The detailed methodology 
is described in Chapter 2.5.2. 
 
The concentration of circulating blood metabolites were analysed using commercial kits 
(Boehringer  Mannheim;  Integrated  Science;  Randox;  Wako)  described  in  Chapter 
2.5.1.2. Acetate and lactate concentrations were analysed using the Roche Cobas Mira 
(USA) analyser and concentrations of glucose, glycerol and NEFA were analysed using 
an Olympus AU400 (France) analyser. 
 
3.2.2.4.2 Histological analyses 
Adipose tissue was prepared for paraffin embedding by fixing in 10% formalin for at 
least two weeks. Sections of fat tissue, three millimetres thick, devoid of skin, were then 
embedded  with  white  paraffin  wax  using  the  automated  Tissue  Tek  VIP  (Miles 
Scientific, USA) embedder. Once embedded, each sample was then cast into a paraffin 
block (Tissue Tek III Cryo Console, Miles Scientific, USA) to allow section cutting. 
Sections  were  cut  to  5µm  using  a  rotary  microtome  (“820”  Spencer  Microtome, 
American Optical, USA) and mounted on slides following the procedure of Burrells 
(1961).  The  sections  were  then  de-waxed  with  xylol  and  stained  in  Heamulum  and 
Eosin using standard methods (American Registry of Pathology, 1960) in an automatic 
linear stainer (Shandon Linistain
TM GLX, Pittsburgh, PA).  
 
The  stained  sections  were  then  mounted  in  DePex  mounting  medium  (Product  No. 
361254D,  BDH  Laboratory  supplies,  UK).  A  microscope  (Olympus  CX21)  at  400x 
magnification (ocular magnification 10x; objective magnification 40x) was used with an 
eyepiece  micrometer  following  the  method  described  by  Sjöström  et  al.  (1971)  to 
measure adipocyte diameter. One hundred adipocytes were measured from each sample 
site of each pig. For subcutaneous backfat, 50 cells were measured from the outer fat 
layer and 50 cells were measured from the middle and inner layer combined. Cells for 
measurement were selected randomly moving across and down the slide in a pattern 
shown in Figure 3.1.  
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Figure 3.1. The pattern in which adipose cell size was measured, eg. from subcutaneous 
backfat. 
 
Actual  cell  size  was  determined  from  the  raw  data  by  taking  into  account  the 
magnification relative to the micrometer scale where the raw data was multiplied by 2.5 
to get the actual measurement in micrometres. 
 
3.2.2.5 Statistical analyses 
The data were analysed with an analysis of variance model (REML procedure, Genstat 
© 2005, eighth edition, Lawes Agricultural Trust). Fixed effects in the model were main 
effects of housing treatment (C or DL) and slaughter age (7, 13, 24 or 35 weeks of age), 
and the interaction between housing and slaughter age. Pig was used as the random 
effect.  The model allowed for different variation in the measures at each time point, or 
slaughter  age,  and  indicated  the  main  effects  of  treatment,  age  and  the  interaction 
between the two. Fixed effects were compared by Wald tests. Within each slaughter 
age, pair-wise comparisons were made by two sample T-tests to determine if there was 
an effect of housing. Data were not corrected for LW as the effect of housing on fat 
accretion and deposition was being determined, and differences in LW for age have 
previously been reported between the C and DL housing systems (Payne et al., 2000; 
Gentry  et  al.,  2002b;  Johnston  et  al.,  2005).  Effects  were  considered  significant  if 
P≤0.05. If the P-value lay between P>0.05 and ≤0.100 then the effects were considered 
as trends. It should be noted that since there was no replication of the housing systems 
due  to  the  cost  of  additional  facilities,  any  difference  due  to  housing  can  only  be 
attributed to the particular conventional and deep-litter housing used. Generalisation to 
all conventional and deep-litter housing is dependent on the assumption that there will 
Outer fat layer
Middle + inner fat layers
Outer fat layer
Middle + inner fat layers 
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be little difference between housing of the same type. The differences in FA profile and 
enzyme activities relative to adipocyte diameter were subjected to analysis by simple 
linear regression.   
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3.2.3 Results 
3.2.3.1 Live weight (LW) 
The average LW of pigs for each slaughter were similar between treatments at 7 weeks 
of age (P>0.100). At 13 and 24 weeks of age C-housed pigs were heavier than DL pigs 
(P≤0.05). By 35 weeks of age however there was a trend for DL pigs to be heavier than 
C pigs (P=0.066) (Table 3.2).  
 
Table 3.2 Average live weight (kg) of conventional (C) and deep-litter (DL) pigs (n=8). 
  Treatment     
Age (weeks)  C  DL  SEM  P-value 
7  15.3  14.6  0.34  n.s 
13  47.4  44.0  0.81  ** 
24  119.1  114.3  1.38  * 
35  184.5  187.6  1.01  † 
Significant difference P≤0.01:**; P≤0.05:*; P≤0.100:†; P>0.100:n.s 
 
Apparent VFI differed between housing treatments where DL pigs consumed less feed 
per day up to seven weeks of age, after which daily food intake increased to above that 
of C-housed pigs (Table 3.3). Individual feed intake per pig was not measured as pigs 
within the same pen fed from the same feeder. Food intake per pig was calculated from 
the food allocated per pen. Pigs in the DL treatment were housed together in one group 
and therefore the estimate of apparent VFI is based on one  measure and cannot be 
statistically analysed.  
 
Table 3.3 Apparent voluntary food intake
# (kg feed / pig day). 
  Treatment 
Age (weeks)  C  DL 
7  0.548  0.469 
13  1.48  1.93 
24  2.47  2.79 
35  3.29  3.88 
#Calculated from food allocated per treatment  
 
3.2.3.2 Enzyme activity 
Residual maximum likelihood (REML) indicated that there was a significant effect of 
treatment (P≤0.05) and age (P≤0.001) on the activity of ACoACBX in belly fat. There 
was also a strong trend for the interaction between age and housing to affect ACoACBX 
activity (P=0.058). Within age there was a strong trend for ACoACBX activity to be 
higher in the belly fat of 13-week-old C pigs compared to DL-housed pigs (P=0.069). 
For G6PDH, enzyme activity significantly reduced with age (P≤0.001) and there was a 
strong trend for an interaction between housing and age on enzyme activity (P=0.055)  
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where at 13 weeks of age C pigs had higher G6PDH activity in belly fat than DL pigs 
(P≤0.05) (Table 3.4).  
 
Table 3.4 The activity of key enzymes involved in lipogenesis in belly fat of pigs 
housed conventionally (C) and on deep-litter (DL) and slaughtered at 7, 13, 24 and 35 
weeks of age. 
            Significance 
  Age  Treatment  n  Activity  SEM  Trt  Age  Trt*Age 
ACoACBX
1  7  C  6  0.494  0.1200  *  ***  † 
    DL  7  0.200         
                 
  13  C  8  0.261
  0.0557       
    DL  8  0.095         
                 
  24  C  8  0.023  0.0084       
    DL  8  0.041         
                 
  35  C  7  0.009  0.0090       
    DL  7  0.008         
 
               
G6PDH
2  7  C  7  2.27  0.181  n.s  ***  † 
    DL  7  1.97         
                 
  13  C  8  2.25
a  0.160       
    DL  8  1.81
b         
                 
  24  C  8  1.21  0.160       
    DL  8  1.62         
                 
  35  C  6  0.808  0.171       
    DL  7  0.765         
a,bDifferent superscripts within age indicate P≤0.05. Significant difference P≤0.001 :***; P≤0.01:**; 
P≤0.05:*; P≤0.100:†; P>0.100:n.s 
ACoACBX: Acetyl CoA carboxylase 
G6PDH: Glucose-6-phosphate dehydrogenase 
1 Units are nmol of radioactive bicarbonate incorporated / min / g fat x10
3 
2 Units are µmol of NADPH incorporated / min / g fat 
 
There was no treatment effect on enzyme activity in backfat (P>0.100). There was a 
significant effect of age on enzyme activity, where ACoACBX (P≤0.05) and G6PDH 
(P≤0.001)  activities  declined  with  age.  For  G6PDH  activity  there  was  a  significant 
interaction between treatment and age (P≤0.05) where activity was higher in the backfat 
of DL pigs at 24 weeks of age (P≤0.05) (Table 3.5).  
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Table 3.5 The activity of key enzymes involved in lipogenesis in subcutaneous backfat 
of pigs housed conventionally (C) and on deep-litter (DL) and slaughtered at 13 and 24 
weeks of age. 
            Significance 
  Age  Treatment  n  Activity  SEM  Trt  Age  Trt*Age 
ACoACBX
1  13  C  8  0.039  0.0119  n.s  *  n.s 
    DL  6  0.029         
                 
  24  C  7  0.012  0.0076       
    DL  7  0.016         
                 
G6PDH
2  13  C  7  2.20  0.167  n.s  ***  * 
    DL  7  1.90         
                 
  24  C  7  0.86
a  0.169       
    DL  7  1.37
b         
a,bDifferent  superscripts  within  age  indicate  P≤0.05.  Significant  difference  P≤0.001:***;  P≤0.01:**; 
P≤0.05:*; P≤0.100:†; P>0.100: n.s 
ACoACBX: Acetyl CoA carboxylase 
G6PDH: Glucose-6-phosphate dehydrogenase 
1 Units are nmol of radioactive bicarbonate incorporated / min / g fat x10
3 
2 Units are µmol of NADPH incorporated / min / g fat 
 
 
There was no effect of treatment on the enzyme activity in flare fat (P>0.100). The 
activity of ACoACBX (P≤0.05) and G6PDH (P≤0.001) significantly declined with age 
(Table 3.6).. 
  
Table 3.6 The activity of key enzymes involved in lipogenesis in flare fat of pigs 
housed conventionally (C) and on deep-litter (DL) and slaughtered at 13 and 24 weeks 
of age. 
  Age  Treatment  n  Average  SEM  Trt  Age  Trt*Age 
ACoACBX
1  13  C  8  0.191  0.0612  n.s  *  n.s 
    DL  6  0.115         
                 
  24  C  7  0.061  0.0208       
    DL  7  0.046         
                 
G6PDH
2  13  C  7  3.03  0.390  n.s  **  n.s 
    DL  8  1.83         
                 
  24  C  8  1.30  0.387       
    DL  8  1.37         
Significant difference P≤0.001 :***; P≤0.01:**; P≤0.05:*; P≤0.100:†; P>0.100: n.s 
ACoACBX: Acetyl CoA carboxylase 
G6PDH: Glucose-6-phosphate dehydrogenase 
1 Units are nmol of radioactive bicarbonate incorporated / min / g fat x10
3 
2 Units are µmol of NADPH incorporated / min / g fat 
 
 
When comparing enzyme activity within age and treatment groups, but between the 
different  fat  depots,  ACoACBX  activity  was  similar  in  the  flare  and  belly  fat,  but 
significantly  higher  than  activity  in  backfat  (P≤0.010).  The  activity  of  G6PDH  in 
backfat and belly fat was similar (P>0.100).   
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3.2.3.3 Adipocyte diameter 
The  range  of  adipocyte  sizes  within  belly  fat  and  backfat  occurred  in  a  normal 
distribution (Figure 3.2a; 3.2b; 3.3a; 3.3b).  
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Figure 3.2a. Adipocyte diameter in belly fat for pigs housed conventionally at 7, 13, 24 
and 35 weeks of age. 
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Figure 3.2b. Adipocyte diameter in belly fat for pigs housed in deep-litter at 7, 13, 24 
and 35 weeks of age. 
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Figure 3.3a. Adipocyte size in the subcutaneous back fat of pigs housed conventionally 
and slaughtered at 7, 13, 24 and 35 weeks of age. 
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Figure 3.3b. Adipocyte size in the subcutaneous backfat of pigs housed on deep-litter 
and slaughtered at 7, 13, 24 and 35 weeks of age. 
 
The REML model used to analyse the data allowed for different variation within the 
data collected from each age group, which was illustrated when the data were plotted in 
Figures  3.2  a,  b  and  3.3  a,  b.  There  was  an  effect  of  age  (P≤0.001)  on  adipocyte 
diameter within belly fat, where size increased with age. There was no main effect of 
housing treatment (P>0.100) however two sample T-test indicated that at 7 weeks of  
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age belly fat adipocyte diameter was greater in DL pigs (P≤0.01), and by 13 weeks of 
age this was reversed and belly fat adipocyte diameter was greater in C pigs (P≤0.001) .  
For  backfat,  there  was  a  significant  effect  of  housing  treatment  (P≤0.05)  and  age 
(P≤0.001) on adipocyte diameter and a trend for an interaction (P=0.088). Within age, C 
pigs  had  larger  backfat  adipocytes  than  DL  pigs  (P≤0.05)  at  seven  weeks.  For  the 
remainder  of  the  slaughter  ages  adipocytes  were  larger  in  backfat  from  DL  pigs 
(P≤0.001, P=0.072, P≤0.001 for 13, 24 and 35 weeks of age, respectively) (Table 3.7). 
The development of adipocyte size in the backfat and belly fat of C and DL pigs is 
illustrated in Figures 3.4 and 3.5. 
  
Table 3.7 Average adipocyte diameter (µm) for belly fat and backfat of pigs housed 
conventionally (C) or on deep-litter (DL) and slaughtered at 7, 13, 24 and 35 weeks of 
age. 
  Age          Significance 
Site  (weeks)  Treatment  n  Average  SEM  Trt  Age  Trt*Age 
Belly  7  C  750  48
a  2.3  n.s  ***  n.s 
    DL  786  51
b         
                 
  13  C  717  70
a  2.6       
    DL  750  67
b         
                 
  24  C  800  90  3.8       
    DL  800  89         
                 
  35  C  800  97  2.9       
    DL  800  96         
                 
Backfat  7  C  900  51
a  2.3  *  ***  † 
    DL  900  49
b         
                 
  13  C  800  67
a  1.8       
    DL  600  72
b         
                 
  24  C  800  95  3.3       
    DL  800  97         
                 
  35  C  700  112
a  3.2       
    DL  700  125
b         
a,bDifferent superscripts within age indicate P≤0.05. P≤0.001 :***; P≤0.05:*; P≤0.100:†; P>0.100:n.s 
SEM: pooled standard error of mean 
Analysed by REML, pig as the experimental unit 
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Figure 3.4   Increase of adipocyte diameter with age, in subcutaneous backfat for pigs housed conventionally (C) or on deep-litter (DL). 
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Figure 3.5   Increase of adipocyte diameter with age, in belly fat of pigs housed conventionally (C) or on deep-litter (DL). 
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The comparison of adipocyte diameter between belly fat and backfat, within treatments 
and within slaughter age, indicated that for all ages except 13 weeks, adipocyte diameter 
was greater in backfat than in belly fat (P≤0.05) for both C and DL pigs. At 13 weeks of 
age, in pigs from both housing treatments, this was reversed and the adipocytes in belly 
fat were larger (P≤0.05) (Table 3.8). 
 
Table  3.8  Comparison  of  adipocyte  diameter  (µm)  between  belly  and  backfat 
adipocytes  of  pigs  housed  either  conventionally  (C)  or  on  deep-litter  (DL)  and 
slaughtered at 13 or 24 weeks of age.  
Treatment  Age  Belly fat  Backfat  SEM  P-value 
C  7  48  52  0.6  *** 
  13  70  67  0.6  *** 
  24  90  95  0.9  *** 
  35  97  112  0.9  *** 
           
           
DL  7  51  53  0.6  * 
  13  67  65  0.8  * 
  24  89  97  0.9  *** 
  35  96  125  1.0  *** 
P≤0.001: ***; P≤0.05: *  
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit 
 
3.2.3.4 Fatty acid profile of adipose 
The percentage of key FA and overall percentage of SFA and UFA in fat tissue from 7, 
13,  24  and  35  week-old  pigs  are  presented  in  Tables  3.9,  3.10,  3.11  and  3.12, 
respectively. 
 
Housing did not affect the FA profile of the fat depots measured in pigs at 7 weeks of 
age  (P>0.100)  and  subsequently  there  was  no  effect  on  the  ratio  of  SFA  to  UFA 
(P>0.100). The SFA in flare fat was 2.5% higher than in belly and backfat and this was 
significant (P≤0.001) (Table 3.9). 
  
At 13 weeks there was no effect of housing on the FA profile of belly and flare fat 
(P>0.100)  but  for  back  fat,  C  pigs  had  significantly  higher  percentages  of  16:0 
(palmitic) and 18:0 (stearic) (P≤0.05). Overall, C pigs had a higher ratio of SFA in back 
fat (P≤0.01) than DL  pigs  (Table 3.10). Between sites, SFA content  was about 5% 
higher in flare fat compared to belly and backfat (P≤0.001).  
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Table 3.9 Fatty acid composition of the belly, flare and subcutaneous back fat from 7-week-old pigs housed conventionally (C) or on deep-litter (DL).  
 
    Fat Depot 
    Belly    Flare    Subcutaneous 
Fatty Acid 
(%)  Common Name  C  DL  SEM  P    C  DL  SEM  P    C  DL  SEM  P 
    n=8  n=7        n=6  n=5        n=6  n=6     
14:0  Myristic  2.21  1.95  0.06  n.s    1.93  1.80  0.06  n.s    1.89  1.77  0.08  n.s 
16:0  Palmitic  24.7  24.5  0.34  n.s    25.0  24.6  0.33  n.s    24.1  23.5  0.43  n.s 
16:1  Palmitoleic  5.37  5.42  0.40  n.s    4.14  4.01  0.30  n.s    4.17  4.56  0.39  n.s 
17:0  Margaric  0.58  0.66  0.04  n.s    0.70  0.68  0.04  n.s    0.72  0.74  0.03  n.s 
17:1  -  0.54  0.50  0.04  n.s    0.42  0.41  0.01  n.s    0.48  0.51  0.03  n.s 
18:0  Stearic  8.08  8.54  0.33  n.s    10.5  10.8  0.55  n.s    9.04  8.88  0.63  n.s 
18:1, c9  Oleic  38.6  37.9  0.46  n.s    36.4  35.4  0.39  n.s    37.3  38.0  0.43  n.s 
18:2, c9t11  Linoleic  15.2  15.8  0.53  n.s    17.0  17.4  0.45  n.s    17.4  16.9  0.46  n.s 
18:3 n3  α Linolenic  1.57  1.73  0.08  n.s    1.79  1.90  0.08  n.s    1.74  1.73  0.12  n.s 
18:3n6  γ Linolenic  0.068  0.074  0.002  †    0.06  0.07  0.01  n.s    0.07  0.79  0.01  n.s 
20:0  Arachidic  0.14  0.15  0.01  n.s    0.15  0.18  0.02  n.s    0.15  0.16  0.02  n.s 
20:1  -  0.85  0.72  0.07  n.s    0.59  0.64  0.02  †    0.73  0.76  0.02  n.s 
20:4  Arachidonic  0.71  0.52  0.09  n.s    0.88  0.62  0.14  n.s    0.65  0.66  0.03  n.s 
                               
                               
SFA    35.5  35.8  0.42  n.s    38.3  38.1  0.72  n.s    35.9  35.1  0.82  n.s 
UFA    63.4  63.1  0.41  n.s    60.3  60.4  0.72  n.s    63.0  63.7  0.81  n.s 
SFA:UFA    0.56  0.57  0.01  n.s    0.64  0.63  0.02  n.s    0.57  0.55  0.02  n.s 
P≤0.100: †; P>0.100: n.s. 
SFA: Saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit  
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Table 3.10 Fatty acid composition of the belly, flare and subcutaneous back fat from 13-week-old pigs housed conventionally (C) or on deep-litter 
(DL).  
    Fat depot 
    Belly    Flare    Subcutaneous 
Fatty Acid 
(%)  Common Name  C  DL  SEM  P    C  DL  SEM  P    C  DL  SEM  P 
    n=8  n=8        n=8  n=8        n=8  n=8     
14:0  Myristic  1.60  1.59  0.03  n.s    1.57  1.58  0.04  n.s    1.37  1.30  0.03  n.s 
16:0  Palmitic  23.2  22.8  0.35  n.s    24.1  24.0  0.57  n.s    22.0  21.0  0.29  * 
16:1  Palmitoleic  3.11  3.28  0.10  n.s    2.40  2.51  0.09  n.s    2.44  2.60  0.08  n.s 
17:0  Margaric  0.72  0.69  0.05  n.s    0.79  0.74  0.05  n.s    0.80  0.75  0.05  n.s 
17:1  -  0.50  0.49  0.03  n.s    0.42  0.38  0.02  n.s    0.48  0.48  0.03  n.s 
18:0  Stearic  10.5  9.54  0.40  n.s    3.74  13.0  0.61  n.s    11.6  10.2  0.63  * 
18:1, c9  Oleic  39.7  39.8  0.42  n.s    35.7  35.7  0.56  n.s    39.2  40.3  0.58  n.s 
18:2, c9t11  Linoleic  15.8  16.6  0.56  n.s    16.4  17.1  0.92  n.s    17.1  18.0  0.62  n.s 
18:3 n3  α Linolenic  1.72  1.84  0.06  n.s    1.74  1.85  0.08  n.s    1.8  1.90  0.06  n.s 
18:3n6  γ Linolenic  0.048  0.063  0.01  n.s    0.06  0.06  0.01  n.s    0.05  0.06  0.01  n.s 
20:0  Arachidic  0.17  0.15  0.01  n.s    0.19  0.17  0.01  n.s    0.19  0.16  0.01  n.s 
20:1  -  0.81  0.81  0.02  n.s    0.75  0.73  0.03  n.s    0.89  0.93  0.02  n.s 
20:4  Arachidonic  0.17  0.17  0.004  n.s    0.15  0.14  0.01  n.s    0.20  0.21  0.03  † 
                               
                               
SFA    36.2  34.8  0.73  n.s    40.4  39.5  1.17  n.s    35.9  33.4  0.63  ** 
UFA    62.4  63.7  0.68  n.s    58.3  59.0  1.13  n.s    62.8  65.2  0.61  ** 
SFA:UFA    0.58  0.55  0.02  n.s    0.70  0.67  0.03  n.s    0.57  0.51  0.01  ** 
P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
SFA: Saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit  
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At 24 weeks of age there were differences in the FA profiles of the three fat depots 
measured  (Table  3.11).  For  belly  fat,  14:0  (myristic)  and  16:0  occurred  at  lower 
percentages  (P≤0.05)  and  17:1  (P≤0.01)  at  a  higher  percentage  in  C  pigs.  These 
differences did not affect the ratio of SFA in belly fat (P>0.100). For flare fat, 18:3n3 (α 
linolenic) and 20:4 (arachidonic) occurred at significantly lower levels (P≤0.05) and 
18:0 at significantly higher levels (P≤0.05) in C pigs. Overall there was a strong trend 
for  flare  fat  from  C  pigs  to  have  a  higher  percentage  SFA  compared  to  DL  pigs 
(P=0.066), and a trend for the percentage of UFA to be lower (P=0.097), resulting in a 
trend for flare fat from C pigs to have a higher ratio of SFA (P=0.079). There was no 
treatment effect on the saturation of back fat (P>0.100), however the percentages of 
14:0, 17:0 (margaric) and 17:1 were significantly higher (P≤0.05) and there was a trend 
for 16:1 to be lower in C pigs (P=0.074). Similar to the earlier slaughter ages, flare fat 
had a higher ratio (P≤0.001) of SFA compared to belly and backfat. 
 
At 35 weeks there were differences in the FA profiles of the three depots measured. For 
belly fat, the differences resulted in DL pigs having a higher level of SFA (P≤0.05) 
because of higher percentages of 14:0 and 16:0 (P≤0.05) and a lower percentage of 18:1 
(oleic) (P≤0.01). For flare there was no treatment effect on the ratio of SFA however, 
DL pigs had higher levels of 14:0 (P≤0.001) and 16:0 (P≤0.05) and a lower percentage 
of 18:1 (P≤0.01). There was also no effect of treatment on the ratio of SFA in backfat 
however, within the FA profile there were significant differences in the percentages of 
individual FA. Similar to the belly and flare depots, backfat from DL pigs had higher 
levels of 14:0 and 16:0 (P≤0.05), and a lower level of 18:1 (P≤0.05). Between depots, 
the SFA in flare fat was about 8% higher (P≤0.001) compared to fat from the belly and 
backfat depots (Table 3.12). 
 
The ratio of SFA increased with age for all depots (P≤0.001), with the maximum ratio 
of SFA occurring by 24 weeks of age. There was no main effect of treatment on the 
saturation  of  fat  in  any  of  the  depots  (P>0.100),  however  the  interaction  between 
housing treatment and age significantly affected the ratio of SFA:UFA in belly and 
backfat depots (P≤0.05) There was a trend for the interaction to affect the proportion of 
SFA:UFA (P=0.090) in flare fat (Table 3.13).   
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Table 3.11 Fatty acid composition of the belly, flare and subcutaneous back fat from 24-week-old pigs housed conventionally (C) or on deep-litter 
(DL).  
    Fat depot 
    Belly    Flare    Subcutaneous 
Fatty Acid 
(%)  Common Name  C  DL  SEM  P    C  DL  SEM  P    C  DL  SEM  P 
    n=8  n=8        n=8  n=8        n=8  n=8     
14:0  Myristic  1.72  1.90  0.06  *    1.78  1.88  0.06  n.s    1.49  1.67  0.05  * 
16:0  Palmitic  25.86  26.75  0.30  *    28.3  27.6  0.29  n.s    24.5  25.1  0.37  n.s 
16:1  Palmitoleic  3.28  3.61  0.24  n.s    2.23  2.41  0.16  n.s    2.41  2.98  0.20  † 
17:0  Margaric  0.459  0.383  0.03  n.s    0.57  0.46  0.04  n.s    0.57  0.43  0.02  *** 
17:1  -  0.386  0.301  0.02  **    0.30  0.27  0.02  n.s    0.43  0.34  0.02  ** 
18:0  Stearic  12.38  12.64  0.40  n.s    18.9  17.6  0.42  *    13.2  12.8  0.52  n.s 
18:1, c9  Oleic  41.33  39.32  1.01  n.s    34.1  33.4  0.91  n.s    39.9  39.1  0.84  n.s 
18:2, c9t11  Linoleic  10.7  10.97  0.69  n.s    10.4  12.3  0.72  †    13.2  13.2  0.39  n.s 
18:3 n3  α Linolenic  1.12  1.19  0.09  n.s    1.10  1.37  0.09  *    1.32  1.39  0.06  n.s 
18:3n6  γ Linolenic  0.014  0.00  0.003  †    0.01  0.004  0.01  n.s    0.02  0.004  0.01  n.s 
20:0  Arachidic  0.201  0.207  0.01  n.s    0.26  0.24  0.01  n.s    0.24  0.24  0.01  n.s 
20:1  -  0.880  0.922  0.05  n.s    0.70  0.71  0.03  n.s    0.91  0.92  0.04  n.s 
20:4  Arachidonic  0.146  0.152  0.01  n.s    0.12  0.14  0.01  *    0.18  0.19  0.01  n.s 
                               
                               
SFA    40.6  41.9  0.60  n.s    49.7  47.8  0.64  †    40.0  40.2  0.85  n.s 
UFA    58.4  57.0  0.60  n.s    49.4  51.1  0.65  †    59.0  58.7  0.85  n.s 
SFA:UFA    0.70  0.74  0.02  n.s    1.01  0.94  0.03  †    0.68  0.69  0.03  n.s 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
SFA: Saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit 
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Table 3.12 Fatty acid composition of the belly, flare and subcutaneous back fat from 35-week-old pigs housed conventionally (C) or on deep-litter 
(DL).  
    Fat depot 
    Belly    Flare    Subcutaneous 
Fatty Acid 
(%)  Common Name  C  DL  SEM  P    C  DL  SEM  P    C  DL  SEM  P 
    n=8  n=8        n=8  n=8        n=8  n=8     
14:0  Myristic  1.64  1.87  0.04  **    1.55  1.86  0.05  ***    1.36  1.57  0.04  ** 
16:0  Palmitic  25.5  26.7  0.42  †    26.7  28.0  0.38  *    23.9  25.0  0.29  * 
16:1  Palmitoleic  2.77  2.80  0.13  n.s    1.70  1.64  0.11  n.s    2.11  2.43  0.14  n.s 
17:0  Margaric  0.38  0.39  0.03  n.s    0.44  0.44  0.02  n.s    0.40  0.38  0.02  n.s 
17:1  -  0.36  0.30  0.02  n.s    0.28  0.23  0.02  n.s    0.32  0.34  0.02  n.s 
18:0  Stearic  12.6  13.5  0.39  n.s    18.6  19.1  0.71  n.s    13.2  13.0  0.48  n.s 
18:1, c9  Oleic  40.7  37.2  1.01  **    34.3  30.6  0.75  **    41.4  40.1  0.43  * 
18:2, c9t11  Linoleic  12.2  13.2  0.61  n.s    12.8  14.2  0.74  n.s    13.2  13.1  0.42  n.s 
18:3 n3  α Linolenic  1.11  1.29  0.10  n.s    1.20  1.38  0.10  n.s    1.58  1.06  0.05  n.s 
18:3n6  γ Linolenic  0.039  0.04  0.003  n.s    0.03  0.04  0.002  n.s    0.04  0.04  0.002  n.s 
20:0  Arachidic  0.18  0.19  0.01  n.s    0.22  0.23  0.01  n.s    0.22  0.22  0.01  n.s 
20:1  -  0.90  0.85  0.04  n.s    0.72  0.73  0.04  n.s    1.05  1.03  0.05  n.s 
20:4  Arachidonic  0.43  0.40  0.02  n.s    0.37  0.36  0.02  n.s    0.36  0.33  0.01  n.s 
                               
                               
SFA    40.2  42.6  0.69  *    47.6  49.6  0.93  n.s    39.05  40.2  0.58  n.s 
UFA    59.1  56.6  0.65  *    51.8  49.7  0.91  n.s    59.59  58.4  0.55  n.s 
SFA:UFA    0.68  0.75  0.02  *    0.92  1.01  0.04  n.s    0.657  0.69  0.02  n.s 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
SFA: Saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit 
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Table 3.13 The proportion of saturated to unsaturated fatty acids in belly, flare and 
backfat of pigs housed conventionally (C) and on deep-litter (DL) and slaughtered at 7, 
13, 24 and 35 weeks of age. 
Site  Age  C  DL  SEM  Trt  Age  Trt*Age 
Belly  7  0.56  0.57  0.03  n.s  ***  * 
  13  0.59  0.55         
  24  0.70  0.74         
  35  0.69  0.76         
               
Flare  7  0.64  0.63  0.05  n.s  ***  † 
  13  0.71  0.68         
  24  1.02  0.95         
  35  0.93  1.02         
               
Back  7  0.58  0.56  0.03  n.s  ***  * 
  13  0.58  0.52         
  24  0.69  0.70         
  35  0.66  0.69         
P≤0.001: ***; P≤0.05: *; P≤0.100: †; P>0.100: n.s 
SEM: pooled standard error of mean 
Analysed by REML, pig as the experimental unit 
 
3.2.3.5 Blood biochemistry 
The effects of treatment and age were determined on circulating levels of acetate, L-
lactate, glucose, glycerol and NEFA. Analyses by REML procedure indicated that there 
was a significant effect of age on all of the metabolites measured (P≤0.001). Housing 
had a significant effect on L-lactate concentration, where concentration was higher in 
plasma from C pigs (P≤0.001). There was a significant interaction between housing 
treatment and age on the concentration of  glucose (P≤0.01) and within age  glucose 
concentration was significantly higher in 7-week-old C pigs compared to DL pigs of the 
same age. There was a significant interaction between treatment and age on plasma L-
lactate concentration (P≤0.05) and plasma NEFA concentration (P≤0.01). At 7 and 35 
weeks of age plasma NEFA concentration was significantly higher in DL pigs (P≤0.05) 
(Table 3.14).  
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Table 3.14 Concentrations of plasma metabolites for pigs of different ages and housed 
conventionally (C) or on deep-litter (DL). 
Metabolite  Age  Trt  n  mmol/L  SEM  Trt  Age  Age*Trt 
Acetate  7  C  8  0.060  0.0111  n.s  ***  n.s 
    DL  8  0.059         
                 
  13  C  8  0.082  0.0114       
    DL  8  0.085         
                 
  24  C  8  0.165  0.0104       
    DL  8  0.186         
                 
  35  C  8  0.192  0.0134       
    DL  8  0.184         
                 
Glucose  7  C  8  5.26
a  0.350  n.s  ***  ** 
    DL  8  3.71
b         
                 
  13  C  8  2.96  0.419       
    DL  8  3.71         
                 
  24  C  8  2.92  0.258       
    DL  8  2.80         
                 
  35  C  8  1.81  0.421       
    DL  8  2.52         
                 
Glycerol  7  C  8  0.091  0.0177  n.s  ***  n.s 
    DL  8  0.100         
                 
  13  C  8  0.028  0.0029       
    DL  8  0.024         
                 
  24  C  8  0.021  0.0029       
    DL  8  0.025         
                 
  35  C  8  0.021  0.0029       
    DL  8  0.020         
                 
L-lactate  7  C  7  6.29  0.606  ***  ***  * 
    DL  7  5.63         
                 
  13  C  8  3.65  0.480       
    DL  8  2.94         
                 
  24  C  8  2.37  0.329       
    DL  7  1.88         
                 
  35  C  8  3.95
a  0.305       
    DL  8  1.76
b         
                 
NEFA  7  C  8  0.229
a  0.1074  n.s  ***  ** 
    DL  8  0.644
b         
                 
  13  C  8  0.074  0.0125       
    DL  8  0.061         
                 
  24  C  8  0.074  0.0125       
    DL  8  0.077         
                 
  35  C  8  0.064
a  0.0125       
    DL  8  0.108
b         
a,bDifferent superscripts within age indicate P≤0.05. P≤0.001: ***; P≤0.01: **; P≤0.05: *; P>0.100: n.s  
SEM: pooled standard error of mean 
Analysed by REML, pig as the experimental unit 
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3.3.6  Comparisons between data 
Simple linear regressions, grouped by slaughter age (13 and 24 weeks), were performed 
between  measures  of  adipocyte  diameter,  enzyme  activities  and  the  proportion  of 
SFA:UFA within belly and backfat tissue. Adipocyte size was positively correlated to 
SFA:UFA in belly fat and explained 66% of the variance in fatty acid profile. Adipocyte 
diameter explained variability in the FA profile of backfat to a lesser amount and the 
relationship  between  ACoACBX  activity  in  backfat  and  backfat  adipocyte  size  was 
weak (Table 3.15). 
  
Table  3.15  Simple  linear  regression  between  adipocyte  diameter  and  biochemical 
measures in belly fat of conventional- and deep-litter-housed pigs. 
Tissue  Response 
variate  Intercept  Regression 
co-efficient  s.e.*  R
2 
Belly fat  SFA:UFA   0.688  -0.001  0.055  0.66 
  ACoACBX  13.7  -0.082  2.82  0.38 
  G6PDH  1.94  0.0029  0.498  0.24 
           
Back fat  SFA:UFA   0.629  -0.001  0.061  0.55 
  ACoACBX  -0.06  0.0086  0.135  0.18 
  G6PDH  1.09  0.014  0.494  0.47 
G6PDH:  Glucose-6-phosphate  dehydrogenase;  ACoACBX:  Acetyl-CoA  carboxylase;  SFA:UFA: 
proportion of saturated fatty acids to unsaturated fatty acids. 
*s.e. Standard error of the observations 
 
As expected the characteristics of belly and backfat tissue were closely related. The 
SFA:UFA  and  adipoctye  diameter  in  backfat  accounted  for  a  large  percentage  of 
variance in the SFA:UFA and adipocyte diameter of belly fat (r
2=70.6% and 54.9%, 
respectively). The relationship between ACoACBX and G6PDH activities in belly and 
backfat tissue were not as strong (Table 3.16). 
 
Table 3.16 Simple linear regressions relating the characteristics of belly fat tissue to the 
equivalent characteristics of backfat tissue from conventional- and deep-litter-housed 
pigs. 
Tissue  Response 
variate  Intercept  Regression 
co-efficient  s.e.*  R
2 
Belly fat   SFA:UFA   0.384  0.331  0.051  0.71 
  Adipocyte 
diameter  16.8  0.163  3.63  0.55 
  ACoACBX  0.205  -0.005  0.136  0.25 
  G6PDH  0.919  0.527  0.549  0.40 
G6PDH:  Glucose-6-phosphate  dehydrogenase;  ACoACBX:  Acetyl-CoA  carboxylase;  SFA:UFA: 
proportion of saturated fatty acids to unsaturated fatty acids. 
*s.e. Standard error of the observations 
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Associations between the biochemical measures reported in the current section and the 
subsequent carcass composition data reported in Chapter 3.3.3 are reported in section 
3.3.3.5 and discussed in Chapter 3.3.4.  
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3.2.4  Discussion  
 
3.2.4.1  Effect  of  age  and  fat  depot  on  the  activity  of  key  enzymes  involved  in 
lipogenesis and adipose tissue characteristics 
As animals grow there is a simultaneous effect of age and live weight on lipogenesis 
and adipocyte characteristics (pigs – Etherton et al., 1981; rats - Jadmar and Osborne, 
1981; lambs - Payne and Watkins, 1997; cattle - Schoonmaker et al., 2004). There is 
also  an  effect  of  depot  on  adipose  tissue  characteristics,  such  as  adipocyte  size, 
SFA:UFA and level of enzyme activities (Anderson et al., 1972; Lee and Kauffman, 
1974; Benmansour et al., 1991; Eguinoa et al., 2003). In the current study, the activity 
of key enzymes involved in lipogenesis, per gram of adipose tissue, decreased in all 
depots with age. As the animal grows and fattens lipid is deposited within the adipocyte, 
therefore enzyme activity per volume of tissue becomes diluted. However if the enzyme 
activities were expressed on an adipocyte basis, instead of a tissue weight basis, it is 
likely that no difference, or in fact an increase, in enzyme activity would have been 
measured in the adipose tissue from older animals (Anderson and Kauffman, 1973). 
 
The activity of specific enzymes varies between depots (O’Hea and Leveille, 1969a) 
and in the current study activities were highest  in flare fat relative to belly fat and 
backfat. Studies in rats (Jadmar and Osborne, 1981) and pigs (Anderson et al., 1972; 
Benmansour  et  al.,  1991)  demonstrated  that  total  enzyme  activities  were  higher  in 
internal fat depots where fat accumulated rapidly, compared to the subcutaneous and 
intramuscular depots. The activity of G6PDH was similar between backfat and belly fat 
depots,  but  ACoACBX  activity  was  higher  in  belly  fat  relative  to  backfat.  Such 
differences  are  likely  to  contribute  to  different  rates  of  lipogenesis  and,  therefore 
different rates of fat accretion between depots during growth.  
 
Glucose-6-phosphate dehydrogenase activity was higher in flare fat compared to belly 
fat and backfat and ACoACBX activity was higher in flare and belly fat compared to 
backfat. These results suggest that lipogenesis was highest in the flare fat depot and 
lowest in the backfat depot of C and DL pigs. Mourot et al. (1995) reported similar 
results for Large White pigs grown between 20 and 120 kg LW where G6PDH activity 
was highest in leaf fat, intermediate in back fat and lowest in belly fat. The activity of 
ACoACBX was again high in leaf fat, however differing to the results reported from the 
current study, activity was higher in backfat than belly fat for pigs at 40 and 60 kg LW.   
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The differences in activity between and within sites, relative to other fat depots, suggest 
that  adipose  tissues  from  different  depots  have  specific  development  and  metabolic 
pathways (Cousin et al., 1993; Eguinoa et al., 2003) which can be altered by external 
variables, such as housing. 
 
Adipocyte diameter in belly fat and backfat followed a normal distribution, with the 
overall  adipocyte  size  and  range  of  sizes  increasing  with  age.  Similar  results  were 
reported by Sjöström et al. (1971) and Benmansour et al. (1991) in pigs, Thornton et al. 
(1983) in sheep and Jadmar and Osborne (1981) in rats. However, other researchers 
have  found  adipocyte  size  in  back  fat  of  pigs,  across  a  range  of  ages,  to  follow  a 
bimodal distribution (Mersmann et al., 1973; Mersmann et al., 1975; Mørkeberg et al., 
1992; Smith et al., 1996). Normal and bimodal distributions have been reported for the 
subcutaneous fat of cattle of different breeds and ages (Hood and Allen, 1973). The 
differences may be due to the measuring techniques used, where automated counting 
systems allow a large number  of adipocytes to be counted in an unbiased selection 
process,  compared  to  the  manual  microscopic  methods  used  in  the  current  study. 
Manual methods however can still provide a simple, less expensive, way of determining 
cell sizes (Sjöström et al., 1971; Fakler et al., 1996).  
 
Comparisons across most species for adipocyte size have been predominantly between 
subcutaneous, omental, perirenal and/or intramuscular depots where intramuscular fat is 
often  reported  as  having  the  smallest  adipocyte  diameter  relative  to  internal  and 
subcutaneous fat depots (Anderson et al., 1972; Lee et al., 1973a; Lee et al., 1973b; 
Mørkeberg et al., 1992; Eguinoa et al., 2003; Schoonmaker et al., 2004). In cattle and 
pigs subcutaneous adipocytes (Lee et al., 1973a; Lee et al., 1973b) and adipocytes from 
the omental and perirenal depots (Anderson et al., 1972) have been reported as having 
the  largest  diameter.  Various  adipose  tissues  develop  at  different  stages  of  growth, 
therefore adipocyte size varies between depots (Lee and Kauffman, 1974; Eguinoa et 
al., 2003) and the variable rankings of adipocytes from the subcutaneous and internal fat 
depots are likely to be a consequence of differences in the physiological age of the 
animals  at  which  adipocyte  diameter  was  measured.  With  this  in  mind  the  current 
results, where belly adipocytes were smaller than backfat adipocytes at all ages except 
13 weeks, suggests that in general during growth, backfat adipocytes fill more rapidly 
than belly fat adipocytes. Deposition studies reported by D’Souza et al. (2004) found 
that fat accretion in the belly primal developed during late growth relative to the other  
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primals and this is not supported by the initial interpretation of results for adipocyte 
diameter. However, the number of adipocytes, which was not measured, may be higher 
in belly fat compared to backfat therefore a small increase in adipocyte size would result 
in a greater increase in the overall ratio of fat in the belly primal.   
 
There is an effect of age and depot on the FA profile of adipose tissue. As shown by the 
current  results,  fat  becomes  more  saturated  as  pigs  mature  because  of  selective 
deposition of SFA, particularly stearic acid, and an increased capacity for de novo FA 
synthesis (Wiseman and Agunbiade, 1998). The flare fat depot had a higher ratio of 
SFA than the belly or backfat depots, as was expected, because internal fat depots are 
more saturated than subcutaneous fat depots (McCormick, 1994; Bee et al., 2002).  
 
3.2.4.2 Effect of housing on belly fat 
There was an effect of housing on the indicators of lipogenesis in the belly fat of young 
pigs. Elevated enzyme activities and increased adipocyte diameter indicated that at 13 
weeks of age C-housed pigs had a higher rate of lipogenesis in belly fat compared to 
DL-housed pigs.  
 
Glucose-6-phosphate dehydrogenase is a key enzyme in the production of nicotinamide 
adenine  dinucleotide  phosphate  (NADPH),  which  is  required  for  the  reductive 
biosynthesis  of  fatty  acids.  Acetyl-CoA-carboxylase  has  been  identified  as  a  major 
control point in de novo FA synthesis (O’Hea and Leveille, 1969b; Harris et al., 1993), 
converting acetyl-CoA to malonyl-CoA, the donor of two acetyl units in the elongation 
of  FA  to  triglycerides  (Drackley,  2000).  Activities  of  ACoACBX  and  G6PDH  are 
commonly measured to indicate lipogenic rates in pig adipose (O’Hea and Leveille, 
1969b; Anderson et al., 1972; Harris et al., 1993; Mourot et al., 1995; Bee et al., 2002). 
At 13 weeks of age the belly fat of C-housed pigs had significantly higher G6PDH 
activity  and  there  was  a  strong  trend  for  higher  ACoACBX  activity.  These  results 
suggest that a greater rate of lipogenesis was occurring compared to that in belly fat of 
DL-housed pigs. This was supported by significantly larger adipocyte size within the 
same tissue, indicating greater lipid accretion compared to that in belly fat from DL-
housed pigs. 
 
Enzyme activity within the adipocyte is proportional to cell size (Anderson et al., 1972; 
Steele  et  al.,  1974;  Etherton  et  al.,  1981).  For  pigs,  the  majority  of  adipocytes  are  
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differentiated within the first few weeks of life (Mersmann et al., 1973; Hausman and 
Kauffman, 1986), therefore an increase in fat tissue during growth is primarily the result 
of adipocytes expanding with lipid accumulation (Johnson and Hirsch, 1972; Hood and 
Allen, 1973; Mersmann et al., 1975; Hood and Allen, 1977; Eguinoa et al., 2003) rather 
than in conjunction with an increase in the number of adipocytes. It is unclear, however, 
whether the increase in adipocyte size is the cause or the response of greater enzyme 
activity (Schoonmaker et al., 2004). 
 
The FA profile of fat tissue in pigs can be readily manipulated through diet (Wiseman 
and Agunbiade, 1998; Cameron et al., 2000). In the current study, pigs were fed the 
same diets therefore changes in FA profile were in response to other factors. The FA 
profile of belly fat was similar between treatments at seven and 13 weeks of age. By 24 
weeks there were differences within the amounts of specific FA, however these did not 
affect the proportion of SFA:UFA in the tissue. At 35 weeks of age the belly fat of DL 
pigs had a higher ratio of SFA to UFA than C pigs, which can indicate greater rates of 
fat  deposition,  as  differences  in  FA  profile  can  occur  in  response  to  changes  in 
lipogenesis. This is reflected in the results of the current study by the high coefficients 
of determination between SFA:UFA and adipocyte diameter in belly fat (R
2=0.66). Pigs 
injected daily with the metabolic modifier pST have an increased proportion of UFA 
within  fat  tissue  (Kramer  et  al.,  1993;  Rehfeldt  et  al.,  1994).  Porcine  somatotropin 
reduces lipogenesis in pig adipose (Dunshea et al., 1992; Harris et al., 1993; Kramer et 
al., 1993; Rehfeldt et al., 1994) and therefore a greater proportion of FA incorporated 
into tissue are preformed (of dietary origin) rather than synthesised de novo (Dunshea et 
al., 1992). Alternately, pigs treated with conjugated linoleic acid (CLA), which reduces 
carcass  fat  (Dugan  et  al.,  1997;  Ostrowska  et  al.,  1999)  and  increases  lean  gain 
(Ostrowska et al., 1999), have increased proportions of SFA in adipose, including belly 
fat (Eggert et al., 2001), and muscle tissue (Ramsay et al., 2001). Conjugated linoleic 
acid reduces fat deposition via diminished rates of de novo lipogenesis (Ostrowska et 
al., 1999; Ostrowska et al., 2003) and altered stearoyl-CoA desaturase enzyme activity 
in fat tissue (Smith et al., 2002), which is the rate limiting step in FA elongation and 
therefore also influences the deposition of pre-formed FA.  
 
3.2.4.3 Effect of housing on backfat and flare fat 
There  was  no  main  effect  of  housing  on  the  activity  of  key  enzymes  involved  in 
lipogenesis  measured  in  backfat  and  flare  fat.  There  was  a  significant  interaction  
  110 
between housing treatment and age on the activity of G6PDH in backfat, where activity 
was  significantly  higher  in  tissue  from  24-week-old  DL  pigs.  Adipocyte  size  was 
greater in the backfat of DL pigs, at 13, 24 and 35 weeks of age, which suggested 
increased fat accretion. This result, in absence of a corresponding increase in enzyme 
activities within the same tissue suggests there may be differences in the lipolytic rates 
of backfat of C and DL pigs.  Therefore, if lipogenic rate was similar, then the increased 
fat accretion in DL pigs could be explained by a reduced rate of lipolysis relative to the 
rate occurring in the backfat of C pigs. In this experiment lipolysis was not measured 
therefore only the effect of housing on the synthesis or uptake of FA for triacylglycerol 
synthesis  can  be  reported  and  not  the  rate  of  utilisation.  In  grower-finisher  pigs, 
lipolysis  does  not  appear  to  play  as  significant  a  role  as  lipogenesis  in  regulating 
adipose tissue thickness (Metz and Dekker, 1981; Scott et al., 1981; Mersmann, 1985). 
Mersmann (1986) compared the lipid metabolism of genetically obese and lean pigs to 
find that obese pigs were not fatter due to a reduced rate of lipolysis. Manipulating fat 
accretion in pigs through the use of metabolic modifiers, such as pST and β–agonists, 
also demonstrate the significance of lipogenesis to total fat accretion,  where treated 
animals, which had reduced fat accretion, were found to have inhibited lipogenesis and 
the effects on lipolysis were less apparent (Dunshea, 1993) or negligible (Kramer et al., 
1993).  
 
There was no effect of housing on the FA profile of flare fat or backfat from 7-week-old 
pigs. At 13 weeks of age the FA profile of flare fat from C and DL-housed pigs was also 
similar, however for backfat there were treatment differences between the percentage of 
specific FA resulting in the backfat of C pigs having a higher proportion of SFA. Pigs 
housed in warm temperatures tend to have fat that is more saturated compared to fat 
from pigs raised in cool environments (Fuller et al., 1974; Lefaucher et al., 1991). This 
difference is largely explained by changes in the ratios of FA incorporated into tissue 
that are synthesised de novo relative to those from the dietary source (Fuller et al., 
1974). The current study began in early September (spring) 2003 and pigs were weaned 
into  the  housing  treatments  when  temperatures,  particularly  overnight,  were  cool 
(average minimum temperature for Medina Research Centre during September is 8.9 
oC;  Bureau  of  Meteorology,  2006),  so  an  effect  of  thermal  environment  on  the  FA 
profile  of  backfat  tissue  may  have  occurred  as  DL-housed  pigs  were  exposed  to 
considerably lower temperatures during this  growth period (see Appendices 1a, 2a).  
Also, pigs in cool environments have a higher VFI compared to pigs housed in warm  
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environments (Sugahara et al., 1970). The diets were the same for the two treatment 
groups, the differences  in percentages of specific  FA  within fat tissue  may indicate 
differences in FA metabolism which, in turn, cause changes to the FA produced via de 
novo  synthesis  (as  discussed  previously  for  belly  fat  in  3.2.4.2).  In  addition  it  is 
reasonable to propose that the reduced proportion of SFA in backfat of DL pigs may 
have been in response to a higher level of food intake and therefore the availability of 
preformed  UFA  obtained  from  the  diet  for  lipogenesis  was  increased  (Fuller  et  al., 
1974).  Daily  VFI  has  often  been  reported  as  being  elevated  in  DL-housed  pigs 
compared to C-housed pigs (Payne et al., 2000; Gentry et al., 2002b; Guy et al., 2002; 
Johnston et al., 2005). Furthermore the current experiment found apparent VFI was 
numerically higher in DL-housed pigs from 13 weeks of age.  
 
Fuller et al. (1974) reported that the effect of temperature on the saturation of adipose 
occurs in all depots and is not restricted to the outer fat depots. In the current study there 
were few corresponding changes in the FA profile of the backfat, belly and flare fat 
depots, with the exception of tissue at 35 weeks of age. Fat from all depots measured in 
35-week-old DL-housed pigs had higher percentages of C18:1 and lower percentages of 
C14:0 and C16:0. The change in FA profile resulted in the proportion of SFA in belly 
fat from DL-housed pigs being significantly higher than that in belly fat from C-housed 
pigs, however this difference was not replicated in flare and backfat tissue.  
 
3.2.4.5 Effect of housing on blood metabolites 
The measurement of circulating blood metabolites provided further evidence that there 
was an effect of housing on fat metabolism. Glucose, the major carbohydrate precursor 
for de novo FA synthesis (Dunshea and D’Souza, 2003), was in significantly lower 
concentrations  in  the  plasma  in  7-week-old  DL  pigs,  suggesting  that  de  novo  FA 
synthesis (Dunshea et al., 1992) and therefore lipogenesis, was occurring at a lower rate 
compared to C pigs.  
 
Higher levels of lipogenesis in fat from C pigs during early growth was supported by 
the elevated enzyme activity and increased adipocyte diameter measured in belly fat of 
13-week-old C pigs. Higher G6PDH activity in the belly, backfat and flare fat depots of 
C  pigs  fits  with  the  elevated  plasma  glucose  measured  earlier  at  seven  weeks.  The 
activity of G6PDH is altered by long term changes to energy intake (Bas, 1992), rather 
than immediate responses in the short term. Glucose-6-phosphate dehydrogenase is a  
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glucose metabolising enzyme, whose activity in part is regulated by glucose availability 
(Kelley and Kletzien, 1984). In rats fed a high carbohydrate diet, after a period of feed 
restriction,  G6PDH  activity  in  the  liver  increased  10-20  fold  (Kelley  and  Kletzien, 
1984), and in diabetic rats, where glucose utilisation was impaired, G6PDH activity in 
tissue was reduced compared to tissue from normal rats (Heath et al., 1975; Preet et al., 
2005).  
 
Simultaneous to the higher concentration of plasma glucose measured in C pigs at seven 
weeks,  DL  pigs  had  a  higher  concentration  of  circulating  plasma  NEFA,  indicating 
elevated  levels  of  fat  mobilisation  and  increased  rates  of  lipolysis  (Frayn,  2003). 
Elevated levels of plasma NEFA occur when the supply of energy substrates is low, 
such as after a period of fasting, or when insulin resistance occurs or insulin levels are 
reduced. Treatment of pigs with pST and ractopamine induces the latter two conditions 
(Dunshea,  1993),  respectively,  resulting  in  the  reduced  deposition  and  increased 
mobilisation  of  fat.  Insulin  regulates  lipogenesis  and  lipolysis  (Dunshea,  1993). 
Reduced fat deposition in DL pigs during early growth was supported by subsequent 
measurements at 13 weeks of age where DL pigs had smaller belly adipocyte diameters 
and reduced activities of the key enzymes involved in lipogenesis.  
 
At 35 weeks of age C pigs had higher levels of plasma lactate. Lactate is a regulatory 
substrate in fat metabolism, released by adipocytes after the uptake of glucose (Ellmerer 
et  al.,  1998),  and  can  be  incorporated  into  newly  formed  triglycerides.  The  higher 
concentrations of plasma lactate in C pigs may indicate elevated levels of fat deposition. 
Concurrent enzyme activity measured in belly fat indicated slightly elevated levels of 
ACoACBX  and  G6PDH  activity,  however  as  mentioned  previously  there  is  a  lag 
between changes in substrate availability and enzyme response. Alternately, the lower 
level  of  lactate  in  DL  pigs  may  indicate  feed  restriction  prior  to  bleeding.  Food 
deprivation significantly reduces plasma lactate concentration in poultry (Buyse et al., 
2002). It is common commercial practice, prior to emptying pig pens (C or DL), to keep 
the level of feed in the feeder low so as to minimise wastage. In the DL system the pigs 
were fed from a large multi-space feeder, compared to the conventional pens where 
there was a single space feeder in each pen. The latter type of feeder would be easier to 
manage in terms of keeping feed available to the pigs without the worry of adding in 
excess of requirements. 
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3.2.4.6 Effect of housing on lipid metabolism 
Reduced  plasma  glucose  concentration,  elevated  plasma  NEFA  concentration,  lower 
enzyme activities and smaller adipocyte diameters in young DL pigs suggests that the 
rate of lipogenesis was lower in DL pigs compared to C pigs, up to 13 weeks of age.  
During later growth, increased adipocyte diameter and elevated G6PDH activity in DL 
pigs suggests that during later growth and therefore in heavier pigs, fat accretion is 
higher in DL pigs compared to C pigs.   
 
It is likely that during the early experimental period, DL pigs had a greater maintenance 
requirement than C pigs and therefore there was less excess energy available for de 
novo fatty acid synthesis and therefore fat deposition. The rate of an animal’s heat loss 
is determined principally by two factors, the environmental temperature and the plane of 
nutrition (Verstegen et al., 1973). Kouba et al. (2001) compared the lipid metabolism of 
ad libitum fed pigs, grown between 20-35 kg LW and housed at 31 
oC, with pigs housed 
at 20 
oC and restrict-fed to the same amount of feed as their 31 
oC counterparts. Pigs in 
the warm environment were fatter and had higher lipogenic enzyme activity, indicating 
enhanced lipogenesis compared to their cool, restrict-fed and therefore energy restricted 
counterparts. At weaning, the TCZ for a piglet is narrow, between 27-29 
oC (Farran, 
1990),  and  during  the  first  7  –  14  days  post-weaning  food  intake  can  be  low  and 
variable (King and Pluske, 2003) and energy intake is limited. In C weaning systems, 
consistent  temperatures  are  maintained  through  the  use  of  insulation  and  heating. 
Within  DL  systems  the  thermal  environment  corresponds  closely  with  the  outside 
ambient temperature (Appendix 1), and although the provision of bedding can reduce 
the lower critical temperature significantly (by around 6 
oC; Madec et al., 2003), the 
environment can be well below the TCZ of pigs. So at a time when energy intake is low, 
the maintenance demands of the piglet are high and thus less energy is available for fat 
and lean tissue deposition. It is likely, with the thermal environment considered, that the 
maintenance requirements of pigs weaned into DL systems would be higher than for 
pigs weaned into conventional systems.  
 
The elevated enzyme activity and increased adipocyte diameter reported in the current 
experiment suggest that in older pigs fat deposition is higher in DL pigs. These findings 
agree  with  a  number  of  studies  where  pigs  reared  in  DL  production  systems  had 
increased carcass fatness, as indicated by higher P2 backfat depth, compared to pigs 
reared in C production systems (Payne et al., 2000; Gentry et al., 2002b; Honeyman and  
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Harmon, 2003; Honeyman, 2005). Similarly it has been found that breeder gilts raised 
in DL systems are heavier and fatter than those raised in conventional systems (Smits et 
al., 2005). Pigs housed in DL systems are often reported as having elevated food intake, 
relative to their C counterparts (Johnston et al., 2005) particularly during cooler seasons 
(Honeyman and Harmon, 2003), and it is this which is most likely responsible for the 
increase in gain and fatness of heavy pigs raised in DL systems. When growing pigs are 
housed in cool environments appetite increases (Verstegen et al., 1978) and if allowed 
to eat to appetite, lipogenic activity within adipose increases (Lefaucher et al., 1991) 
relative  to  that  in  pigs  housed  in  warm  environments,  with  reduced  appetites.  Le 
Dividich et al. (1998) reviewed studies where lipogenesis and lipolysis were stimulated 
in  pigs  housed  in  cold  environments,  indicating  an  overall  lipid  metabolism  was 
enhanced suggesting an increased rate of fatty acid turnover.  
   
3.2.4.7 Conclusion 
The  hypothesis  that  lipogenesis  in  adipose  tissue  of  growing  pigs  housed  in  C 
production  systems  differs  to  that  of  pigs  raised  in  DL  production  systems  was 
supported  by  the  results  of  the  current  study.  During  growth,  differences  in  factors 
contributing to the lipogenic pathway were measured between pigs housed C and on DL 
indicating differences in lipogenesis during growth. The results suggest that, in young 
pigs, lipogenesis was higher in belly fat of C-housed pigs compared to pigs housed in 
the  DL  system.  In  older  pigs,  larger  adipocytes  in  the  subcutaneous  backfat  depot 
suggested that lipogenesis and fat accretion was greater in the backfat of DL-housed 
pigs compared to C-housed pigs. Furthermore, higher ratio of SFA:UFA in the belly fat 
of 35-week-old DL pigs suggested belly fat accretion was greater compared to C pigs of 
the same age. As a consequence of differences measured in lipogenesis and adipocyte 
characteristics during the growth of C and DL pigs, fat deposition and distribution are 
expected to be different between carcasses of pigs raised conventionally and on deep-
litter.   
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EXPERIMENT 1B 
 
3.3  The  effect  of  conventional  versus  deep-litter  housing  on  growth 
performance and fat deposition and distribution in the carcasses of female Large 
White x Landrace pigs grown from 5 to 185 kg live weight.  
 
3.3.1   Introduction 
Anecdotal observation by Australian pig producers indicates that there is a difference in 
the performance of pigs grown in C versus DL housing systems (Payne et al., 2001; 
Kruger et al., 2006). Reports have indicated reduced growth performance in DL pigs 
(Johnston et al., 2005), but growth performance has also been reported as being similar 
between the two types of housing (Matte, 1993). It is likely that, depending on climate, 
the results are seasonal, with reduced growth performance in DL pigs occurring during 
cool winter months, because of increased energy requirements for thermoregulation, and 
similar growth performance occurring during warmer months (Honeyman and Harmon, 
2003).  
 
Compared to C-housed pigs of the same age, DL pigs are reported to have increased 
backfat  (Gentry  et  al.,  2002b,  Honeyman  and  Harmon,  2003;  Honeyman,  2005), 
however  increased  daily  gains  and  higher  carcass  weights  are  often  reported 
simultaneously. The comparison of carcass quality measures from pigs raised in C or 
DL housing have been confined primarily to carcass damage and carcass classification 
at the abattoir (backfat thickness and carcass weight), not focusing on the distribution of 
tissue  (lean  and  fat)  within  the  carcass.  The  distinct  thermal,  physical  and  social 
environments of the two housing systems, in particular those aspects that most likely 
affect the maintenance and thermoregulatory requirements of the pig, are likely to affect 
the deposition and distribution of fat in the carcass. 
 
Within animals of the same genotype (therefore similar potential for lean growth) and 
fed the same diet, temperature affects fat deposition and distribution. Pigs fed ad libitum 
and housed in warm environments have more internal fat, less back fat and less total 
carcass fat (Sugahara et al., 1970; Lefaucher et al., 1991; Rinaldo et al., 2000; Kouba et 
al.,  2001;  Le  Bellego  et  al.,  2002)  compared  to  pigs  housed  in  cool  environments 
(Nienaber et al., 1987; Campbell and Taverner, 1988; Derno et al., 1995). However, if 
pigs in cool environments have restricted access to feed, or the temperature is lower  
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than  their  LCT  and  the  maintenance  requirement  of  the  animal  increases,  energy  is 
diverted from growth to the maintenance of body temperature (Verstegen and van der 
Hel, 1974; Nienaber et al., 1987).  
 
The energy expenditure of animals is partially spent on physical activity (Schrama and 
Bakker, 1999). Exercise training reduces body fat and adipocyte size in humans (Depres 
et al., 1984), rats (Askew and Hecker, 1976; Bukowiecki et al., 1980) and miniature 
pigs (Carey and Sidmore, 1994; Carey, 2000). The physical environment of pigs affects 
activity where pigs housed in large groups and/or with access to enrichment, such as 
straw, are more active than pigs housed conventionally (Beattie et al., 2000; Sargent, 
2001). Petersen et al. (1998a) and Enfält et al. (1993) found that exercised commercial 
cross-bred pigs had reduced levels of fat in the shoulder, ham and intramuscular depot 
compared to non-exercised pigs of the same genotype.  
 
Group size affects the social environment and therefore the behaviour of pigs (Morrison 
et al., 2003). A review conducted by Payne et al. (2001) found that stable hierarchies 
are  formed  in  small  groups  but  when  groups  exceed  25  to  30  pigs,  the  hierarchy 
becomes  unstable.  Pigs  housed  in  very  large  groups  (>100)  have  more  tactile 
interactions than pigs in small groups and have higher levels of social stress compared 
to conventionally housed pigs (Sargent, 2001). Stress, simulated by daily injections of 
adrenocorticotrophic hormone, resulted in poorer growth efficiency and fatter carcasses, 
similar  to  the  differences  reported  for  pigs  raised  in  deep-litter  versus  conventional 
systems (Sargent, 2001).  Meal patterns of pigs change with group size (Nielsen and 
Lawrence, 1993; Nielsen et al., 1995, Hyun and Ellis, 2002) and housing environment 
(Morgan et al., 1998). This can affect fat deposition and distribution via the impact on 
energy and protein metabolism. Larger, less frequent meals increase the rate and time of 
anabolism following the meal and increase the rate and time of catabolism before the 
next meal. Prolonged rates and times of catabolism are likely to give lower efficiencies 
of  energy  retention  and  increase  body  fat  (Botermans  and  Svendsen,  2000).  Less 
frequent meals can also reduce energy retention because of inefficiencies in nutrient 
utilisation. Batterham and Murison (1981) showed that the utilisation of synthetic lysine 
decreased to half if pigs were restricted to one meal compared with six meals per day, 
therefore protein availability was reduced and fat deposition was likely to increase. 
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Results  from  the  previous  experiment  (Chapter  3.2.3)  suggested  that  there  were 
differences, within and between fat depots, in lipogenesis during growth of pigs raised 
in C and DL housing systems. Given this, it is expected that there would be differences 
in the accretion of fat during growth, resulting in altered fat deposition and distribution 
in the carcasses.  
 
It was hypothesised that the different environments of C and DL production systems 
would  alter  the  growth  paths  of  pigs  and  that  this  would  affect  the  deposition  and 
distribution of fat within the carcass. Considering the results reported in Section 3.2, it 
was expected that young pigs housed on DL would have less fat deposition in the belly 
compared to C-housed pigs. In older, heavier pigs however, it was expected that DL-
raised pigs would have more subcutaneous backfat, and therefore be fatter overall.  
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3.3.2 Materials and Methods 
3.3.2.1 Experimental Design 
The experiment was a factorial design, having two housing treatments, conventional (C) 
and deep-litter (DL), and nine slaughter ages, 7, 10, 13, 16, 20, 24, 26, 30 and 35 weeks 
of age.  
 
3.3.2.2 Animals, housing and diet 
One  hundred  and  forty  four  three-week-old  female  pigs  were  stratified  by  weaning 
weight into the housing treatments, allocated to eight groups and within each group 
each pig was allocated a slaughter age as described in 3.2.2.2, with the difference being 
that  nine  slaughter  ages  were  allocated.  Management  of  housing  and  diet  was  as 
described in 3.2.2.2. On the day  prior to slaughter selected pigs  from both housing 
treatments were identified, tattooed with farm and individual identification and moved 
into spare conventional pens which allowed feed to be withheld for approximately eight 
hours prior to slaughter.  
 
3.3.2.3 Slaughter  
Pigs were slaughtered at a commercial abattoir as described in Chapter 2.3, with the 
exception of pigs slaughtered at seven and 10 weeks of age, which were slaughtered at 
the Medina Research Centre, as described in 3.2.2.3.  
 
After slaughter, the viscera was collected, cleaned and weighed as described in Chapter 
2.4.2. The flare fat was collected and weighed for all pigs with the exception of those 
slaughtered at 7 and 10 weeks of age.  
 
3.3.2.4 Carcass  
Carcass weight (AUSMEAT Trim 13; head off, flare off, fore trotters off, hind trotters 
on) and backfat depth at the P2 site (65 mm from the dorsal midline at the point of the 
last rib) for each pig was collected (as described in Chapter 2.3). Due to an error P2 data 
were not collected for 10-week-old pigs. Backfat at the P2 site was measured in seven-
week-old pigs using callipers, and at the abattoir using a Hennessy Grading Probe (4) 
before carcasses entered the chiller. 
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Twenty-four hours post slaughter, the right side of each carcass was divided into quarter 
primal  cuts  (shoulder,  loin,  belly  and  ham)  as  described  in  Chapter  2.4.2,  weighed, 
placed in plastic bags, boxed and frozen until required for dissection.  
 
At dissection each primal was thawed, reweighed and dissected into lean tissue, fat and 
skin, and bone as described in Chapter 2.6. All visible subcutaneous fat and skin were 
removed  from  each  primal  and  the  remaining  cuts  were  boned  out.  All  visible 
intermuscular  fat  was  separated  from  the  lean  tissue.  Each  tissue  was  weighed 
separately,  with  skin,  subcutaneous  fat  and  intermuscular  fat  being  combined  to 
represent total fat weight. A 20 gram sample of muscle was collected from the l. dorsi 
in line with the last rib to chemically determine percent intramuscular fat using the 
Soxhlet  extraction  method  (AOAC,  Official  Method  960.39,  1990)  as  described  in 
Chapter 2.6.1. 
 
3.3.2.5 Statistical analyses 
The  growth  performance  data  were  analysed  General  Linear  Model  procedure  of 
Genstat  ©  (2005,  eighth  edition,  Lawes  Agricultural  Trust)  appropriate  for  the 
experimental design, where housing treatment and block (pen/group) were included in 
the model. Carcass data were analysed by REML procedure (Genstat © 2005, eighth 
edition,  Lawes  Agricultural  Trust),  as  described  in  Chapter  3.2.2.5.  In  short,  fixed 
effects were main effects of housing treatment and slaughter age, and the interaction 
between housing and slaughter age. Pig was used as the random effect and the model 
allowed for different variation in the measurement collected at each time point. For 
growth  performance  data,  pens/groups  were  considered  as  the  experimental  unit, 
whereas for carcass composition data the pigs were considered as the experimental unit. 
When P>0.100 for interactions, then the model was reduced to main effects only. Fixed 
effects were compared by Wald tests. Within each slaughter age, pair-wise comparisons 
were made by two sample T-tests to determine if there was an effect of housing. With 
the  exception  of  the  backfat  thickness  measurement  of  P2  which  was  corrected  for 
carcass weight, data were not corrected for live weight (LW) or carcass weight (CW) as 
the effect of housing on fat accretion and deposition were being determined, and any 
differences in LW or CW for age were likely to be an effect of the housing system itself. 
Effects were considered significant if P≤0.05. If the P-value lay between P>0.05 and 
≤0.100 then the effects were considered as trends.  Again, since there was no replication 
of the housing systems due to the cost of additional facilities, any difference due to  
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housing can only be attributed to the particular conventional and deep-litter housing 
systems used. Generalisation to all conventional and deep-litter housing is dependent on 
the assumption that there will be little difference between housing of the same type.   
 
The  relationships  between  P2  depth  and  belly  composition  and  total  carcass 
composition analysed by simple linear regression, grouped by age. Regression analyses 
were also performed between the biochemical data reported in 3.2.3 and the growth and 
carcass data to examine the associations between the data.  
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3.3.3 Results 
 
3.3.3.1 Growth Performance 
The average live weight for pigs allocated to each housing system at three weeks of age 
was similar (P>0.100). From 10 to 24 weeks of age C pigs were significantly heavier 
than DL pigs (P≤0.05) and this was accompanied by a significantly higher ADG to 13 
weeks of age (P≤0.05) and a strong trend for higher ADG at 16 and 24 weeks of age 
(P=0.066 and P=0.069, respectively). From 24 weeks onwards there were no differences 
in LW and ADG (P>0.100), with the exception of a strong trend for DL pigs to be 
heavier than C pigs at 35 weeks of age (P=0.067) and have significantly higher ADG 
(P≤0.05) (Figure 3.6, Table 3.17). 
 
Food intake was not measured for individual pigs as they were group housed and it was 
difficult to monitor feed wastage.  Between three to 35 weeks of age the apparent VFI 
was 2.09 kg/pig/day for C pigs compared to 2.19 kg/pig/day for DL pigs. The ADG for 
pigs across the entire experimental period was calculated at 0.730 kg/day for C pigs and 
0.742 kg/day for DL pigs. The estimated feed conversion ratio was calculated for the 
entire experimental period (3 to 35 weeks of age) at 2.86 kg feed/kg gain for C pigs and 
2.95 kg feed/kg gain for DL pigs.  
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Figure 3.6 Live weight of pigs housed conventionally or on deep-litter from 3 to 35 weeks of age (n=8). 
Significant difference between average live weight P≤0.001: ***; P≤0.01: **; P≤0.05: * 
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Table  3.17  The  growth  of  pigs  housed  in  a  conventional  (C)  or  deep-litter  (DL) 
production systems from three to 35 weeks of age (n=8).  
    Housing   
Age 
(weeks) 
    C  DL  SEM  P-value 
3     no. 
pigs  71  70     
  Live weight (kg)    5.7  5.7  0.12  n.s 
             
7    no. 
pigs  71  70     
  Live weight (kg)    15.3  14.6  0.34  n.s 
  ADG (kg/day) 3-7 weeks    0.371  0.340  0.0147  n.s 
             
10    no. 
pigs  63  62     
  Live weight (kg)    29.8  28.0  0.59  * 
  ADG (kg/day) 7-10 weeks    0.694  0.639  0.0174  * 
             
13    no. 
pigs  55  56     
  Live weight (kg)    47.4  44.0  0.81  ** 
  ADG (kg/day) 10-13 weeks    0.841  0.770  0.0169  ** 
             
16    no. 
pigs  47  48     
  Live weight (kg)    68.0  63.3  1.31  ** 
  ADG (kg/day) 13-16 weeks    0.980  0.924  0.0195  † 
             
20    no. 
pigs  39  40     
  Live weight (kg)    94.7  89.0  1.19  *** 
  ADG (kg/day) 16-20 weeks    0.948  0.913  0.0162  n.s 
             
24    no. 
pigs  32  32     
  Live weight (kg)    119.1  114.3  1.38  * 
  ADG (kg/day) 20-24 weeks    0.841  0.907  0.0236  † 
             
26    no. 
pigs  24  24     
  Live weight (kg)    128.3  127.6  1.49  n.s 
  ADG (kg/day) 24-26 weeks    0.804  0.819  0.601  n.s 
             
             
30    no. 
pigs  15  16     
  Live weight (kg)    159.3  151.4  1.42  n.s 
  ADG (kg/day) 26-30 weeks    0.888  0.883  0.0380  n.s 
             
35    no. 
pigs  8  8     
  Live weight (kg)    184.5  187.6  1.01  † 
  ADG (kg/day) 30-35 weeks    0.840  1.105  0.0650  * 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: not significant (n.s) 
ADG: Average daily gain  
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pen/group as the experimental unit 
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3.3.3.2 Slaughter data  
Live weight at slaughter and carcass data are shown in Table 3.18. As expected, there 
was a main effect of age on all slaughter measurements (P≤0.001). For carcass dressing 
percentage there was a significant effect of housing treatment (P≤0.001). Analysis by T-
test indicated that significant differences in dressing percentage occurred at 16 (P≤0.05), 
24 (P≤0.05) and 30 (P≤0.001) weeks of age, where carcasses from DL pigs had a higher 
dressing percentage compared to C pigs. Live weight at slaughter, carcass weight (CW) 
and P2 depth were similar for C and DL pigs (P>0.100). There was a strong trend for 
the interaction between age and treatment to affect P2 (P=0.057). The coefficient of 
variation  (CV%)  for  P2  was  calculated  within  treatments  and  it  was  found  to  be 
consistently higher in data collected from DL-housed pigs. The CV% for P2 measures 
for DL versus C pigs was as follows: seven weeks of age 24% vs 16%, 13 weeks of age 
20% vs 11%, 16 weeks 25% vs 22% and 35 weeks 28 vs 23%.   
 
The average weights for each of the viscera components were adjusted for LW (Table 
3.19). There was no effect of housing treatment for most components (P>0.100) but as 
expected, organ weight increased significantly with age (P≤0.001). There was a main 
effect of housing treatment on liver size (P≤0.05) and an interaction between housing 
and age (P≤0.05) where C pigs had larger livers except at 35 weeks of age, compared to 
DL pigs. There was a significant effect of housing on spleen size where DL pigs had 
larger spleens than C pigs (P≤0.001). The weight of the empty gastrointestinal (GI) tract 
was significantly affected by housing (P≤0.01) and there was an interaction between 
housing and age (P≤0.05), where the GI tract was larger in C pigs at all slaughter ages, 
with the exception of 35 weeks of age when it was larger in DL pigs. There was a 
significant effect of housing treatment (P≤0.001), and a significant interaction between 
treatment and age (P≤0.001), on the weight of the reproductive tract. After 20 weeks of 
age DL pigs had significantly heavier reproductive tract weights compared to C pigs. 
Even though there were differences in some organ weights, for most slaughter ages the 
total weight of the viscera was similar. The interaction between treatment and age was 
significant (P≤0.01) and at 16 weeks the total viscera weight was significantly heavier 
in  C  pigs  (P≤0.05)  while  at  35  weeks  total  viscera  weight  was  heavier  in  DL  pigs 
(P≤0.05). 
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3.3.3.3 Carcass composition 
The  ratio  of  fat:lean  in  carcass  gain  is  illustrated  in  Figure  3.7.  The  polynomial 
trendlines indicate that at younger ages C and DL had similar ratios of fat:lean, however 
as age, and therefore weight, increased the proportion of total fat in the carcass of DL 
pigs increased at a greater rate than for C pigs. There was an effect of age on the ratio of 
fat:lean in the carcass and primals, where over time there was a gradual increase in the 
ratio of fat in all components (Table 3.20). For most carcass components there was no 
effect of treatment on fat:lean, however for the belly primal there was a trend for an 
interaction between treatment and age on the ratio of fat in the belly (P=0.087). There 
was reduced fat:lean in the belly of DL pigs at 13 weeks of age and an increased ratio of 
fat at 35 weeks of age compared to C pigs. The ratio of fat:lean in the belly and shoulder 
primals of pigs from both treatments at 24 weeks of age was relatively low compared to 
pigs from other slaughter ages, therefore the fat:lean of the carcass was lower also.  
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Table 3.18 Carcass data for pigs raised in conventional (C) systems or on deep-litter (DL) and slaughtered at different ages (n=8). 
    Slaughter age (weeks)  Significance 
      7    10    13    16    20    24    26    30    35    Trt  Age  Trt*Age 
Live weight (kg)  C    15.7    30.3    47.1    67.2    90.6    120.1    128.6    150.1    184.5    n.s  ***  n.s 
  DL    14.4    29.0    44.8    62.5    89.5    109.0    129.3    149.0    187.6         
  sed    1.34    2.86    3.32    4.31    5.03    7.59    6.86    7.30    5.74         
                                               
Carcass   C    9.3    19.6    30.1    44.1    61.6    81.8    87.7    103.5    128.3    n.s  ***  n.s 
weight (kg)  DL    9.9    19.3    28.2    42.6    62.7    77.8    90.6    108.7    133.8         
  sed    0.925    1.98    2.48    3.04    3.45    5.39    3.75    5.69    5.13         
                                               
Dressing  C    62.9    64.7    63.8    65.6
a    68.1    68.2
a    68.4    68.9
a    69.6    ***  ***  n.s 
Percentage  DL    64.2    66.9    63.0    68.1
b    70.0    71.3
b    70.2    72.8
b    71.3         
  sed    1.03    1.64    2.55    0.98    1.11    1.12    1.21    0.76    1.49         
                                               
P2 (mm)  C    5.2    -    8.4    9.7    13.8    17.0    18.5    24.9    25.1    n.s  ***  † 
  DL    4.5    -    9.0    10.6    13.2    17.0    18.3    21.6    32.8         
  sed    0.42    -    0.49    1.0    0.85    1.5    2.6    2.3    4.2         
a,bDifferent superscripts within age indicate P≤0.05. P≤0.001: ***; P≤0.100: †; P>0.100: not significant (n.s) 
sed: standard errors of differences 
Analysed by two-way ANOVA, pig as the experimental unit  
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Table 3.19 Viscera weights (kg) for pigs raised in conventional (C) or deep-litter (DL) systems and slaughtered at different ages. 
    Slaughter age (weeks)  Main effects 
    n  7  n  10  n  13  n  16  n  20  n  24  n  26  n  30  n  35  Trt  Age  Trt*Age 
Flare  C    -    -  8  0.20  8  0.43  7  0.69  8  1.30  8  1.72  8  2.43  8  2.73  n.s  ***  n.s 
  DL    -    -  8  0.22  8  0.29  8  0.70  8  1.22  8  1.70  8  2.03  8  2.63       
  sed    -    -    0.482    0.138    0.115    0.217    0.299    0.378    0.403       
                                             
Lungs  C  8    0.28  8  0.53  6  0.52  8  0.71  7  0.88  8  0.99  8  0.98  8  0.88  8  1.04  n.s  ***  n.s 
  DL  8  0.28  7  0.61  8  0.53  7  0.70  8  0.85  7  0.90  8  1.02  8  0.99  8  0.99       
  sed    0.042    0.055    0.048    0.043    0.055    0.076    0.088    0.065    0.073       
                                             
Heart  C  8  0.10  8  0.14  6  0.20  8  0.26  7  0.33  8  0.40  8  0.44  8  0.43  8  0.55  n.s  ***  n.s 
  DL  8  0.08  7  0.14  8  0.19  7  0.25  8  0.34  7  0.38  8  0.40  8  0.40  8  0.56       
  sed    0.010    0.014    0.014    0.016    0.018    0.029    0.028    0.033    0.032       
                                             
Liver  C  8  0.51
a  8  0.80
a  6  1.09
a  8  1.28
  7  1.60  8  1.84  8  1.93  8  2.17  8  2.36
a  *  ***  * 
  DL  8  0.41
b  7  0.66
b  8  0.95
b  8  1.09
  8  1.53  8  1.69  8  1.82  8  2.04  8  2.68
b       
  sed    0.045    0.057    0.041    0.137    0.075    0.106    0.121    0.131    0.129       
                                             
Kidneys  C  8  0.10  8  0.17  6  0.22  8  0.26  7  0.30  8  0.32  8  0.32  8  0.42  8  0.45  n.s  ***  n.s 
  DL  8  0.10  7  0.17  8  0.20  8  0.23  8  0.30  8  0.35  8  0.38  8  0.45  8  0.47       
  sed    0.011    0.013    0.008    0.025    0.027    0.034    0.038    0.026    0.031       
                                             
Spleen  C  8  0.04  8  0.05  6  0.08  8  0.11
a  7  0.14  8  0.14  8  0.17  8  0.18
a  8  0.24  ***  ***  n.s 
  DL  8  0.04  7  0.06  8  0.09  8  0.16
b  8  0.18  8  0.15  8  0.18  8  0.22
b  8  0.25       
  sed    0.004    0.006    0.010    0.014    0.023    0.015    0.015    0.019    0.019       
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Table 3.19 continued… Viscera weights (kg) for pigs raised in conventional (C) or deep-litter (DL) systems and slaughtered at different ages. 
 
 
 
 
 
 
 
 
 
 
 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P.0.100: not significant (n.s) 
sed: standard errors of differences 
Analysed by two-way ANOVA, pig as the experimental unit 
 
    Slaughter age (weeks)  Main effects 
    n  7  n  10  n  13  n  16  n  20  n  24  n  26  n  30  n  35  Trt  Age  Trt*Age 
Gastro-  C  8  1.48  8  2.56  6  2.74  8  2.92
a  7  3.56  8  4.39
a  8  4.72  8  5.67  8  5.94
a  **  ***  * 
Intestinal  DL  8  1.31  7  2.27  8  2.68  8  2.37
b  8  3.34  8  3.66
b  8  4.49  8  5.26  8  6.59
b       
Tract  sed    0.106    0.188    0.209    0.267    0.219    0.305    0.291    0.347    0.265       
                                             
Reproductive  C    -    -    -  8  0.21  7  0.59  8  0.44  8  0.49
a  8  0.90  8  0.98
a  ***  ***  *** 
Tract  DL    -    -    -  8  0.21  8  0.45  8  0.53  8  0.74
b  8  0.98  8  1.64
b       
  sed    -    -    -    0.023    0.106    0.072    0.094    0.160    0.178       
                                             
Total Weight  C  8  2.53  8  4.45  6  5.18  8  6.89
a  7  9.47  8  10.1  8  11.1  8  13.0  8  14.2
a  n.s  ***  ** 
  DL  8  2.23  7  4.07  8  4.95  8  5.74
b  8  9.02  8  9.35  8  11.1  8  12.5  8  16.1
b       
  sed    0.189    0.310    0.280    0.526    0.550    0.531    0.707    0.601    0.508        
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Table 3.20 Ratio of fat to lean in the carcass side and primals of pigs raised in conventional (C) or deep-litter (DL) systems and slaughtered at different 
ages.  
    Slaughter age (weeks)  Main effects 
    n  7  n  10  n  13  n  16  n  20  n  24  n  26  n  30  n  35  Trt  Age  T*A 
Carcass  C  8  0.48  8  0.50  8  0.46  8  0.41  7  0.52  8  0.42  8  0.46  8  0.51  8  0.59  n.s  ***  n.s 
  DL  8  0.48  7  0.43  8  0.43  8  0.44  8  0.79  8  0.37  8  0.46  8  0.51  8  0.70       
  sed    0.020    0.033    0.041    0.035    0.293    0.019    0.055    0.063    0.048       
                                             
Shoulder  C  8  0.38  8  0.43  8  0.43  8  0.35  7  0.45  8  0.28  8  0.38  8  0.36  8  0.46  n.s  ***  n.s 
  DL  8  0.39  7  0.38  8  0.38  8  0.37  8  0.47  8  0.25  7  0.32  8  0.37  8  0.48       
  sed    0.025    0.046    0.038    0.042    0.067    0.018    0.047    0.040    0.026       
                                             
Loin  C  8  0.58  8  0.56  8  0.56  8  0.62  7  0.71  8  0.77  8  0.50  8  0.58  8  0.88  n.s  ***  n.s 
  DL  8  0.54  7  0.50  8  0.62  8  0.65  8  0.96  8  0.61  8  0.49  8  0.63  8  1.08       
  sed    0.026    0.050    0.122    0.079    0.188    0.088    0.086    0.105    0.128       
                                             
Belly  C  8  1.08  8  0.89  8  1.31  8  0.64  7  0.95  8  0.40  8  0.86  8  1.11  8  0.98  n.s  ***  † 
  DL  8  1.08  7  0.91  8  1.12  8  0.62  8  0.81  8  0.41  8  0.86  8  1.10  8  1.30       
  sed    0.124    0.138    0.105    0.076    0.145    0.058    0.101    0.139    0.160       
                                             
Ham  C  8  0.35  8  0.40  8  0.20  8  0.30  7  0.39  8  0.33  8  0.39  8  0.40  8  0.45  n.s  ***  n.s 
  DL  8  0.36  7  0.32  8  0.20  8  0.35  8  0.52  8  0.28  8  0.38  8  0.39  8  0.54       
  sed    0.033    0.038    0.025    0.035    0.147    0.026    0.061    0.046    0.041       
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: not significant (n.s) 
sed: standard errors of differences 
Analysed by REML analysis, pig as the experimental unit  
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The percent of fat, lean and bone in the carcass and quarter primals of pigs at each 
slaughter age are presented in Table 3.21. There was a significant effect of age on the 
composition of the carcass side and the quarter primals (P≤0.001). As slaughter age 
increased, percent fat increased and percent lean and bone decreased. Housing treatment 
did not affect percent fat in the primals and carcass side (P>0.100), however there was a 
strong trend for an interaction between treatment and age to affect percent lean in the 
loin  (P=0.059)  and  ham  primals  (P=0.069).  This  resulted  in  a  weak  trend  for  the 
interaction to affect percent lean in the carcass side (P=0.100). At 16 weeks of age, 
percent lean in the carcass and ham was 2.0% and 3.6% lower in DL pigs, respectively. 
At 24 weeks of age percent lean was 6.5% higher in the loin, 1.7% higher in the ham 
and 2.5% higher in the carcass side in carcasses from DL pigs compared to C pigs. By 
the final slaughter at 35 weeks however, percent lean was lower in the carcass side, loin 
and ham by 3.6, 3.0 and 4.3%, respectively, in DL pigs compared to C pigs. There was 
a significant effect of housing on percent bone in the shoulder, belly and ham primals, 
and with DL pigs having a higher percentage of bone at most slaughter ages (P≤0.05). 
 
The accretion of fat, lean and bone were plotted over time to visualise the growth paths 
for each tissue (Figure 3.8). Fat, lean and bone were similar between treatments for the 
shoulder and ham primals. For the loin and belly primals there were differences in the 
growth of lean and fat tissue, which resulted in a slightly higher rate of fat accretion in 
the carcasses of DL pigs at later slaughter ages.  The accretion of fat, lean and bone in 
the shoulder and ham primals appeared to be similar for C and DL pigs (Figure 3.8a, 
3.8d). For the loin, the accretion of lean and fat tended to be different between C and 
DL pigs. From 16 to 24 weeks of age the rate of lean accretion appeared to be higher in 
DL pigs, after which the rate of fat accretion in the loin increased more rapidly than for 
C pigs (Figure 3.8b). The rate of lean and bone accretion was similar in the belly primal 
of C and DL pigs for the experimental period. The increase in belly fat appeared to 
occur at the same rate for C and DL pigs until about 24 weeks of age, after which the 
rate of accretion was higher in DL pigs (Figure 3.8c).  
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Table 3.21 Percent fat, lean and bone in the carcass side and primals of pigs raised in conventional (C) or deep-litter systems (DL) and slaughtered at 
different ages. 
      Slaughter age (weeks)  Significance 
      n  7  n  10  n  13  n  16  n  20  n  24  n  26  n  30  n  35  Trt  Age  T*A 
                                               
Carcass  %Fat  C  8  24.2  8  25.8  8  24.2  8  23.5  7  28.1  8  24.6  8  26.2  8  28.7  8  29.0  n.s  ***  n.s 
    DL  8  23.9  7  23.1  8  23.0  8  24.2  8  27.6  8  22.2  8  25.4  8  28.2  8  32.0       
    sed    0.85    1.12    1.61    1.47    1.77    0.90    2.12    2.45    1.40       
                                               
  %Lean  C  8  51.1  8  52.4  8  53.2  8  57.9  7  54.3  8  58.0  8  57.0  8  56.2  8  49.5  n.s  ***  † 
    DL  8  49.9  7  54.1  8  54.3  8  55.9  8  54.2  8  60.5  8  57.1  8  56.4  8  45.9       
    sed    1.02    1.50    1.51    1.32    1.43    0.68    1.84    2.04    1.30       
                                               
  %Bone  C  8  24.7  8  21.7  8  22.6  8  18.6  7  17.6  8  17.4  8  16.9  8  15.1  8  21.5  *  ***  n.s 
    DL  8  26.2  7  22.8  8  22.6  8  19.9  8  18.2  8  17.3  8  17.5  8  15.4  8  22.1       
    sed    1.28    0.70    0.81    0.53    0.48    0.61    0.97    0.52    0.88       
                                               
Shoulder  %Fat  C  8  20.2  8  22.1  8  23.0  8  20.4  7  30.4  8  17.4  8  22.5  8  22.1  8  25.8  n.s  ***  n.s 
    DL  8  19.9  7  20.3  8  21.0  8  21.0  8  31.5  8  15.8  7  20.0  8  22.2  8  26.2       
    sed    1.18    1.72    1.51    1.79    1.52    0.91    2.12    1.85    1.08       
                                               
  %Lean  C  8  53.0  8  52.4  8  54.0  8  59.8  7  56.2  8  62.6  8  60.2  8  60.9  8  56.7  n.s  ***  n.s 
    DL  8  51.2  7  53.8  8  56.1  8  57.8  8  57.7  8  63.3  7  62.5  8  60.8  8  55.2       
    sed    1.09    1.88    1.43    1.83    1.87    1.18    1.80    1.69    1.13       
                                               
  %Bone  C  8  26.8  8  25.5  8  22.9  8  19.8  7  18.9  8  19.9  8  17.3  8  16.9  8  17.4  *  ***  n.s 
    DL  8  28.8  7  25.9  8  22.8  8  21.2  8  18.1  8  21.0  7  17.6  8  17.0  8  18.6       
    sed    1.45    1.25    0.70    0.68    0.76    0.70    1.14    0.60    0.94       
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Table 3.21 continued… Percent fat, lean and bone in the carcass side and primals of pigs raised in conventional (C) or deep-litter systems (DL) and 
slaughtered at different ages. 
      Slaughter age (weeks)  Significance 
      n  7  n  10  n  13  n  16  n  20  n  24  n  26  n  30  n  35  Trt  Age  T*A 
                                               
Loin  %Fat  C  8  24.7  8  26.6  8  24.5  8  28.6  7  31.8  8  33.4  8  26.4  8  29.9  8  33.5  n.s  ***  n.s 
    DL  8  23.3  7  24.0  8  26.0  8  29.2  8  34.0  8  30.7  8  25.5  8  30.4  8  38.6       
    sed    1.04    1.39    3.50    2.43    2.08    1.64    3.11    3.49    2.96       
                                               
  %Lean  C  8  43.0  8  48.1  8  44.4  8  46.8  7  44.8  8  44.3  8  52.8  8  51.8  8  39.1  n.s  ***  † 
    DL  8  43.0  7  48.3  8  44.9  8  45.4  8  42.1  8  50.8  8  54.3  8  50.8  8  36.1       
    sed    1.25    2.17    2.72    1.90    1.87    0.63    2.41    2.76    1.74       
                                               
  %Bone  C  8  32.3  8  25.3  8  31.1  8  24.6  7  23.3  8  22.3  8  20.8  8  18.3  8  27.4  n.s  ***  n.s 
    DL  8  33.7  7  27.7  8  29.1  8  25.4  8  23.9  8  18.5  8  20.3  8  18.8  8  25.3       
    sed    1.83    1.74    1.94    1.10    1.23    1.66    1.33    1.00    1.22       
                                               
Belly  %Fat  C  8  42.2  8  39.7  8  32.6  8  32.1  7  42.1  8  32.7  8  38.6  8  44.6  8  43.0  n.s  ***  n.s 
    DL  8  41.2  7  38.2  8  32.6  8  31.8  8  40.5  8  29.4  8  37.7  8  43.3  8  48.2       
    sed    2.30    2.75    3.29    2.63    3.10    1.14    2.39    2.80    2.46       
                                               
  %Lean  C  8  39.7  8  45.3  8  47.6  8  51.5  7  44.9  8  52.2  8  45.4  8  40.6  8  44.2  n.s  ***  n.s 
    DL  8  39.1  7  44.2  8  47.5  8  51.5  8  45.6  8  55.5  8  45.3  8  41.0  8  38.7       
    sed    2.40    2.96    2.86    1.90    2.83    0.82    2.54    2.38    2.23       
                                               
  %Bone  C  8  18.2  8  15.1  8  19.8  8  16.4  7  13.0  8  15.1  8  16.0  8  14.9  8  12.8  *  ***  n.s 
    DL  8  19.8  7  17.6  8  19.9  8  16.8  8  13.9  8  15.2  8  17.0  8  15.6  8  13.1       
    sed    1.56    1.07    1.18    1.29    0.97    1.00    0.92    0.84    0.84       
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Table 3.21 continued… Percent fat, lean and bone in the carcass side and primals of pigs raised in conventional (C) or deep-litter systems (DL) and 
slaughtered at different ages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P≤0.001: ***; P≤0.05: *; P≤0.100: †; P>0.100: not significant (n.s) 
sed: standard errors of differences 
Analysed by REML analysis, pig as the experimental unit 
      Slaughter age (weeks)  Significance 
      n  7  n  10  n  13  n  16  n  20  n  24  n  26  n  30  n  35  Trt  Age  T*A 
                                               
Ham  %Fat  C  8  20.4  8  23.2  8  22.1  8  19.6  7  24.1  8  21.5  8  23.8  8  25.2  8  25.9  n.s  ***  n.s 
    DL  8  20.6  7  19.6  8  19.1  8  21.5  8  21.8  8  18.9  8  23.0  8  24.4  7  29.4       
    sed    1.51    1.66    1.32    1.80    2.94    1.34    2.48    2.15    1.53       
                                               
  %Lean  C  8  58.5  8  58.2  8  59.3  8  65.8  7  61.8  8  65.0  8  61.6  8  63.1  8  58.2  n.s  ***  † 
    DL  8  57.0  7  61.2  8  61.0  8  62.2  8  62.9  8  66.7  8  62.5  8  64.0  7  53.9       
    sed    1.71    1.63    1.50    1.66    2.60    1.34    2.22    1.90    1.70       
                                               
  %Bone  C  8  21.2  8  18.6  8  18.6  8  14.5  7  14.1  8  13.5  8  14.6  8  11.7  8  16.0  *  ***  n.s 
    DL  8  22.4  7  19.2  8  19.8  8  16.3  8  15.3  8  14.4  8  14.5  8  11.7  7  16.7       
    sed    1.78    0.96    0.98    0.74    0.58    0.68    0.56    0.48    1.00        
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Figure 3.7 Ratio of fat:lean in the carcass of conventional (C) and deep-litter (DL) housed pigs (7 – 35 weeks of age, 15 – 185 kg live weight).  
3
rd order polynomial trend lines: C: R
2 = 0.624 Y= 9E-06x
3-0.0002x
2-0.0013x+0.4972; DL: R
2 = 0.866 Y=3E-05x
3-0.0013x
2+0.0166x+0.3936 
 *AUSMEAT Trim 13; head off, flare off, foretrotters off, hind trotters on. Calculated from dissection of one side, therefore the weights of each component have been calculated from 
the side weights multiplied by 2. 
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Figure 3.8 Growth of carcass lean, fat (+skin) and bone for conventionally (C) and deep-litter (DL) housed pigs from 7 – 35 weeks of age (15 – 185 kg 
live weight).  
3
rd order polynomial trend lines:  
•  C: Lean R
2=0.991 Y=-0.0036x
3+0.2144x
2-1.5051x+6.0192; Fat R
2=0.992 Y=0.0004x
3-0.1053x
2+0.7057x-2.8233; Bone R
2=0.971 Y=0.002x
3-0.1053x
2+2.2842x-9.8926 
•  DL: Lean R
2=0.996 Y=-0.0046x
3+0.2768x
2-2.6421x+11.424; Fat R
2=0.984 Y=0.0019x
3-0.0768x
2+1.8062x-7.8962; Bone R
2=0.979 Y=0.0024x
3-0.1223x
2+2.2842x-9.89.  
Calculated from dissection of one side, therefore the weights of each component have been calculated from the side weights multiplied by 2. 
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Figure 3.8a Growth of lean, fat (+skin) and bone in the shoulder primal of conventionally (C) and deep-litter (DL) housed pigs from 7 – 35 weeks of 
age (15 – 185 kg live weight). 
3
rd order polynomial trend lines:  
•  C: Lean R
2=0.985 Y=-0.0005x
3+0.032x
2-0.2251x+1.0313; Fat R
2=0.986 Y=0.0002x
3-0.0079x
2+0.2329x-1.0284; Bone R
2=0.963 Y=-8E06x
3+0.0005x
2+0.0893x-0.2288 
•  DL: Lean R
2=0.997 Y=-0.0007x
3+0.0399x
2-0.3523x+1.5513; Fat R
2=0.980 Y=0.0002x
3-0.0115x
2+0.2822x-1.2719; Bone R
2=0.978 Y=9E-06x
3-2E-05x
2+0.0934x-0.2517  
Calculated from dissection of one side, therefore the weights of each component have been calculated from the side weights multiplied by 2. 
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Figure 3.8b Growth of lean, fat (+skin) and bone in the loin primal of conventionally (C) and deep-litter (DL) housed pigs from 7 – 35 weeks of age 
(15 – 185 kg live weight). 
3
rd order polynomial trend lines:  
 C: Lean R
2=0.988 Y=-0.0003x
3+0.0172x
2-0.1023x+0.3696; Fat R
2=0.968 Y=0.0002x
3-0.0129x
2+0.3389x-1.7736; Bone R
2=0.960 Y=0.0004x
3-0.0217x
2+0.458x-2.1608 
DL:  Lean  R
2=0.998  Y=-0.0005x
3+0.0302x
2-0.3128x+1.2758;  Fat  R
2=0.967  Y=0.0005x
3-0.0277x
2+0.5784x-2.9375;  Bone  R
2=0.967  Y=0.0004x
3-0.0244x
2+0.4947x-2.3277 
Calculated from dissection of one side, therefore the weights of each component have been calculated from the side weights multiplied by 2. 
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Figure 3.8c Growth of lean, fat (+skin) and bone in the belly primal of conventionally (C) and deep-litter (DL) housed pigs from 7 – 35 weeks of age 
(15 – 185 kg live weight). 
3
rd order polynomial trend lines:  
•  C: Lean R
2=0.941 Y=-0.0004x
3+0.0234x
2-0.2933x+1.3847; Fat R
2=0.975 Y=-0.0004x
3+0.0261x
2-0.4102x+2.1537; Bone R
2=0.939 Y=-0.0002x
3+0.0114x
2-0.1651x +0.837 
•  DL: Lean R
2=0.949 Y=-0.0005x
3+0.0326x
2-0.2329x+2.0931; Fat R
2=0.981 Y=0.0002x
3+0.018x
2-0.2999x+1.6852; Bone R
2=0.949 Y=-0.0002x
3+0.0128x
2-0.1941x +0.9963  
Calculated from dissection of one side, therefore the weights of each component have been calculated from the side weights multiplied by 2. 
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Figure 3.8d Growth of lean, fat (+skin) and bone in the ham primal of conventional (C) and deep-litter (DL) housed pigs from 7 – 35 weeks of age (15 
– 185 kg live weight). 
3
rd order polynomial trend lines:  
•  C: Lean R
2=0.999 Y=-0.0004x
3+0.02226x
2+0.0301x-0.3864; Fat R
2=0.995 Y=-3E-05x
3+0.004x
2+0.0535x+0.2504; Bone R
2=0.967 Y=0.0002x
3-0.0096x
2+0.241x -1.0159 
•  DL: Lean R
2=0.998 Y=-0.0008x
3+0.045x
2-0.3606x+1.5081; Fat R
2=0.990 Y=0.0002x
3-0.0068x
2+0.2019x+0.9003; Bone R
2=0.966 Y=-0.0002x
3-0.014x
2+0.3218x -1.4211  
Calculated  from  dissection  of  one  side,  therefore  the  weights  of  each  component  have  been  calculated  from  the  side  weights  multiplied  by  2.
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Housing treatment did not effect the percentage of IMF in the l. dorsi (P>0.10), but this 
increased with age (P≤0.05) (Table 3.22). 
 
Table 3.22 Percentage of intramuscular fat in the longissimus dorsi, from pigs housed 
conventionally (C) and on deep-litter (DL) (n=8). 
  Treatment    Significance 
Age (weeks)  C  DL  SEM  Trt  Age 
7  1.16  1.05  0.174  n.s  *** 
13  1.65  1.37       
24  1.57  1.90       
35  2.41  2.42       
 P≤0.001: ***; P>0.100: n.s (not significant) 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit 
 
3.3.3.4 Relationships between carcass data 
Simple linear regression indicated that though a small amount of variation in the fat:lean 
ratio  of  the  carcass  was  explained  by  P2  depth  (r
2=  15%),  P2  did  account  for  a 
reasonable amount of variance in percent lean and percent fat in the carcass (r
2=46% 
and 50%, respectively). In this study, when results were grouped by age, P2 was a good 
indicator of the ratio of fat to lean tissue in the belly primal (r
2=69%) (Table 3.23).   
    
Table 3.23 Simple linear regressions relating the carcass composition to P2 backfat 
depth in conventional- and deep-litter-housed pigs. 
  Response 
variate  Intercept  Regression 
co-efficient  s.e.*  R
2 
Carcass  Fat:lean  0.423  0.011  0.217  0.15 
  %fat  21.4  0.557  3.28  0.50 
  %lean  52.05  -0.328  4.10  0.46 
           
Belly  Fat:lean  0.952  0.0271  0.202  0.69 
 
3.3.3.5 Relationships between biochemical and carcass data 
Regression analyses were performed between the biochemical results reported in 3.2.3 
and  the  carcass  data.  A  large  amount  of  the  variability  in  P2  backfat  depth  was 
explained  by  backfat  adipocyte  diameter  (r
2=70%)  however  the  remainder  of  the 
relationships  explored  between  carcass  composition  and  biochemical  measures  were 
very weak or did not exist (Table 3.24). The proportion of SFA:UFA in backfat and 
belly  fat  was  not  related  to  carcass  or  belly  primal  composition  with  non  of  the 
regressions being significant (P>0.1). 
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Table 3.24 Simple linear regressions relating the biochemical measures of fat tissue 
carcass composition in conventional- and deep-litter-housed pigs. 
Explanatory 
variate 
Response 
variate  Intercept  Regression co-
efficient  s.e.*  R
2 
ACoACBX activity  % fat 
(carcass)  23.6  0.029  2.91  - 
G6PDH activity  % fat 
(carcass)  22.2  0.69  2.89  - 
ACoACBX activity 
(belly) 
% fat 
(carcass)  28.97  -0.470  2.39  0.19 
G6PDH activity 
(belly) 
% fat 
(carcass)  22.37  0.63  2.73  - 
ACoACBX activity 
(belly)  %fat (belly)  34.6  -11.51  4.75  0.06 
G6PDH activity 
(belly)  %fat (belly)  32.59  -0.01  5.00  - 
Adipocyte diameter 
(backfat)  P2  -1.99  0.157  2.77  0.70 
Adipocyte diameter 
(belly)  %fat (belly)  39.72  -0.260  4.89  - 
G6PDH:  Glucose-6-phosphate  dehydrogenase;  ACoACBX:  Acetyl-CoA  carboxylase;  SFA:UFA: 
proportion of saturated fatty acids to unsaturated fatty acids. 
*s.e. Standard error of the observations  
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3.3.4  Discussion 
The experimental results supported the hypotheses showing a difference in the growth 
path of pigs raised in DL housing compared to pigs raised in C housing. The growth 
performance of C pigs was superior to DL pigs between weaning and 20 weeks of age. 
It was expected that the altered growth paths would manifest as differences in tissue 
deposition  and  distribution  within  the  body  and  therefore  differences  in  carcass 
composition. Production system did affect tissue deposition and distribution, however 
not  as  strongly  as  was  anticipated  by  the  results  recorded  in  Section  3.2.3.  It  was 
hypothesised that during growth, fat deposition would differ between C- and DL-housed 
pigs, and although there was a trend for the fat:lean ratio to be higher in belly primals of 
young C pigs, carcass composition data indicated that differences in tissue deposition 
and distribution were attributable more to differences in lean tissue mass. Treatment 
differences in the weights of some of the visceral components also indicated distinct 
patterns of growth and energy partitioning in C and DL pigs. 
 
3.3.4.1 Growth performance of conventional versus deep-litter pigs 
Conventionally-housed pigs grew faster than DL pigs during the weaner and grower 
phases, where ADG and the calculated feed conversion ratio were improved. These data 
support the industry’s view that pigs housed on DL grow less efficiently compared to 
pigs raised in a C environment (Kruger et al., 2006). The data is not in agreement with 
the  general  industry  consensus  and  the  findings  of  Payne  et  al.  (2003)  where  pigs 
weaned into DL housing grow faster during the post-weaning period compared to pigs 
weaned into a C environment. Improved health, because of better air quality, higher 
feed intake and the use of an  all-in all-out system,  are thought to  contribute to the 
differences in post-weaning growth (Kruger et al., 2006).  
 
Numerous  authors  have  reported  that  pigs  raised  in  DL  systems  have  poorer  feed 
conversion and therefore are less efficient compared to C-housed pigs. This being the 
case, however, growth rates and CW tend to be higher in DL pigs and backfat can be 
thicker (Payne et al., 2000; Gentry et al., 2002b; Johnston et al., 2005). In the current 
experiment  estimated  feed  conversion  was  poorer  for  DL  pigs,  but  it  was  not 
accompanied by an increased growth rate and P2 backfat thickness until later at 35 
weeks  of  age.  Honeyman  and  Harmon  (2003)  reported  definite  seasonal  differences 
when comparing the growth performance of DL-housed pigs with C-housed pigs and 
concluded that the performance of finishing pigs in DL systems is seasonal, depending  
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in part on the thermal environment. The study reported pigs on DL having improved 
growth performance relative to their C-housed counterparts during the summer months, 
whereas performance declined during the winter months. The performance results are 
similar,  but  more  apparent,  when  comparing  pigs  reared  outdoors  to  those  reared 
conventionally (Gentry et al., 2002b; Bee et al., 2004; Gentry et al., 2004). The current 
results  show  that  during  the  early  growth  period  to  16  weeks  of  age,  DL  pigs  had 
significantly lower ADG compared to C pigs. Similarly Matte (1993) observed reduced 
ADG  in  pigs  housed  in  a  DL  system  from  nine  to  16  weeks  of  age,  followed  by 
improved growth from 16 to 20 weeks, and concluded that the thermal comfort of the 
pigs was most likely responsible for the differences measured. The current experiment 
began in September when the weather is characteristically mild during the day, but cold 
during  the  night  and  early  morning  (see  Appendices  1a  and  2a).  The  average  daily 
maximum temperature for the Medina Research site during September is 20 
oC, and 
average  daily  minimum  temperature  is  8 
oC  (Bureau  of  Meteorology,  2006).  In 
commercial  production,  the  critical  temperature  of  pigs  depends,  in  part,  on  LW 
(Verstegen and van der Hel, 1974). The LCT, that is the minimum temperature below 
which extra thermoregulatory heat production is required, is lower for pigs housed on 
straw (11.5-13 
oC for group housed pigs at 40 kg LW) compared to pigs of the same 
weight housed conventionally on concrete slats (19-20 
oC) (Verstegen and van der Hel, 
1974).  
 
Cool temperatures increase appetite, however the partition of energy within the growing 
pig is altered by increased maintenance requirements (Whittemore, 1993). The effect of 
low  temperatures  would  explain  the  growth  performance  in  the  current  experiment, 
where apparent food intake was higher yet growth was lower in DL pigs compared to C 
pigs and there was no difference in P2 back fat depth. Later in the experiment, from 20 
weeks of age, the ADG of DL pigs increased, suggesting that the thermal environment 
in the DL system was more favourable and excess energy was not being expended on 
maintaining body temperature. The average daily maximum temperature at the Medina 
research site during January is 30 
oC and the average minimum temperature is 16.6 
oC 
(BOM, 2006). By 20 weeks of age pigs from both housing treatments, which were at an 
average LW of 90 kg, were likely to be affected by high temperatures. For 90 kg pigs 
the TCZ is between 14 – 20 
oC (Whittemore, 1993). An early response of pigs to high 
temperatures is a reduction in food intake (Sugahara et al., 1970; Stahly and Cromwell, 
1979) and in hot, diurnal environments pigs adapt their feeding patterns so that eating  
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occurs during the cool evening periods (Xin and De Shazer, 1992). It is possible that DL 
pigs  had  extended  cool  periods  during  the  evening  compared  to  the  C  pigs,  and 
therefore were able to consume more feed and increase growth. The nature of the DL 
housing system means that the temperature of the pigs’ environment is similar to the 
external  ambient  temperature,  whereas  the  insulated  C  buildings  buffer  the  external 
ambient temperature changes.  
 
3.3.4.2  Slaughter data 
Live weight at slaughter, CW and P2 back fat depth were similar between C and DL 
pigs, however carcass dressing percentages were 2-4% higher in DL pigs. The results 
are  in  agreement  with  those  of  Payne  et  al.  (2003)  where  dressing  percentage  was 
higher for pigs born outdoors or raised in a DL environment compared to pigs born 
indoors and raised in a C housing system.  Dressing percentages calculated from the 
data reported by Gentry et al. (2002b) indicated a higher dressing percentage (2%) in 
outdoor  reared  pigs  compared  to  indoor  reared  pigs.  Most  authors  have  found  no 
difference in dressing percentage (Matte, 1993; Beattie et al., 2000; Hoffman et al., 
2003; Gentry et al., 2004) or lower dressing percentages (Sargent 2001; Guy et al., 
2002; Honeyman and Harmon, 2003) for carcasses of pigs raised in DL or outdoor 
production  systems  compared  to  C  production  systems.  Similarly,  no  significant 
differences in carcass dressing percentage have been found between pigs raised in C 
production systems and pigs raised in C systems with deep-litter bedding (British Pig 
Executive, 2004; Suster et al., 2005). For the current experiment, lower viscera weights, 
in particular the GI tract, and higher percentage of bone in the carcass of DL pigs is 
likely to explain the differences found in dressing percentage.  
 
The reduced viscera weight in DL pigs was not expected. If DL pigs were influenced by 
cool temperatures during early growth, then organ weight and the weight of the empty 
GI tract should be higher (Nienaber et al., 1987; Lefaucher et al., 1991; Rinaldo et al., 
2000) in response to elevated food intake (Sugahara et al., 1970; Le Dividich et al., 
1998) and the increased workload. As a consequence of increased viscera weights, pigs 
housed in cool environments also have reduced carcass dressing percentages compared 
to pigs housed in a warm environment (Lefaucher et al., 1991; Rinaldo et al., 2000).  
 
The spleen was larger in DL pigs. The main functions of the spleen are to act as a filter 
against foreign organisms in the blood and to remove old red blood cells. The spleen  
  145 
also participates in various immune functions. Ardia (2005) found evidence in European 
starlings that spleen size was positively related to enhanced immune function. Therefore 
the current results would suggest DL pigs had an enhanced immune function compared 
to C pigs. There have been very few investigations comparing the immune function of 
the  growing  pig  housed  in  DL  and  C  production  systems.  For  organic  animal 
production, disease prevention is based on the principles that an animal that is allowed 
to exhibit natural behaviour and is not subject to stress and is fed an optimal (organic) 
diet, will have a higher ability to cope with infections compared to animals that are 
reared conventionally (Kijlistra and Eijck, 2006). The DL production system allows the 
animal to express natural behaviour and it would seem pigs are less stressed compared 
to  C-housed  counterparts.  However,  studies  assessing  the  immune  status  of  outdoor 
versus C- (indoor) reared pigs have indicated that outdoor pigs showed signs of stress-
induced immunosuppression (Kleinbeck and McGlone, 1999) whilst other studies have 
been inconclusive (Franek and Bilkei, 2004). Pigs housed in large groups are subject to 
higher levels of social stress compared to pigs housed in smaller groups (Sargent, 2001), 
however studies to measure the effect on immune status have also been inconclusive 
(Morrow-Tesch et al., 1994; Reed and McGlone, 2000; Leek et al., 2004).  
 
Liver weight is readily  related to body weight  in most species (Boxenbaum, 1980), 
however  when  the  LW  of  DL  pigs  was  taken  into  account,  liver  weight  remained 
significantly lower compared to C pigs. Feeding level affects the size of metabolically 
active organs such as the liver and GI tract. Feed restriction reduces the weight (Koong 
et al., 1982; Koong et al., 1985) whilst elevated intake can increase the size (Bikker et 
al., 1995; Hornick et al., 2000). Reduced dietary protein can result in smaller liver size 
(Chiba, 1994), however results are inconsistent (Crister et al., 1995; Szabó et al., 2001; 
Kerr et al., 2003). Liver size in the current experiment may have differed because the 
energy and protein intake of DL pigs, particularly during the post-weaning period when 
food intake is low (King and Pluske, 2003), was not sufficient enough to meet maximal 
growth requirements. The C pigs were likely to have had a similar depression in food 
intake during the post-weaning period, however it is likely that the DL pigs had a higher 
maintenance  requirement  due  to  the  differences  in  the  thermal  environment,  as 
discussed in section 3.2.4.6. In addition to the increased maintenance requirement, the 
energy  and  protein  intake  of  the  DL  pigs  may  have  been  diluted  by  the  additional 
consumption of straw bedding. 
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Pigs raised in both of the housing treatments received the same diets, however DL pigs 
had access to straw bedding. van Barneveld et al. (2003) reported that for pigs housed 
on bedding, up to 10% of their total dietary intake was the bedding itself. It is likely DL 
pigs consumed the cereal straw, and in addition to the reduced protein and energy intake 
through diet dilution (Baird et al., 1970; LeGoff et al., 2002), the intake of fibre would 
be higher compared to C pigs. Increased fibre intake results in increased GI tract weight 
(Jørgensen et al., 1996; Wenk, 2001) and reduced carcass dressing percentage (Stahly 
and  Cromwell,  1986;  Håkansson  et  al.,  2000).  As  this  was  not  the  case,  it  can  be 
concluded that the weight of GI tract in DL pigs was affected more by a reduction in 
energy and protein intake during early growth. 
 
3.3.4.3 Carcass data 
During growth there were strong trends for housing to affect percent lean in the loin and 
ham primals and a general trend for housing to affect percent lean in the carcass side. 
There were also differences in the ratio of fat:lean in the belly primal. These results 
suggest that there were differences in the pattern of tissue deposition for C and DL pigs 
during growth. Suster et al. (2005) compared the pattern of tissue deposition of pigs 
raised in large groups on DL, and in small groups in C pens, to find similar overall 
growth performance and final carcass composition, but differences in the pattern of 
tissue deposition during growth. The current results indicate that for the most part, total 
percent fat in the carcass was similar for C and DL pigs. However lean tissue gain 
varied where during the 16-20 week growth period DL pigs had a higher percentage of 
lean in the loin and ham. In addition there was a trend for DL pigs to have a lower ratio 
of fat:lean in the belly primal at 13 weeks. After 24 weeks of age the accretion of fat 
tissue in DL pigs, particularly in the loin and belly, accelerated at a greater rate than in 
C pigs. In older pigs the accretion of lean tissue remained similar between C and DL 
pigs but at the final slaughter age of 35 weeks, there was an increased rate of fat tissue 
accretion, particularly in the loin, belly and to a lesser degree in the ham, in DL pigs and 
this was accompanied by higher LW. 
 
If the thermal environment of young pigs in the DL system was frequently below the 
TCZ of the animal, then the energy requirements to maintain maximal growth would 
increase, because of elevated energy demands to maintain homeothermy (Verstegen and 
van der Hel, 1974). This influences the energy available for tissue deposition (Nienaber 
et al., 1987). The immediate post-weaning period is characterised by low food intake  
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(King and Pluske, 2003) and in small pigs, depending on the energy density of the diet, 
the physical capacity of the animal to consume enough food to meet increased energy 
demands may be limiting (Giles et al., 1998). It has been reported for various weight 
ranges of pigs that although ad libitum food intake increases at temperatures below the 
pigs LCT, ADG cannot be maintained (Verstegen and van der Hel, 1974; Verstegen et 
al.,  1978;  Tribble,  1991;  Verstegen  and  Close,  1994).  It  is  reasonable  to  assume 
therefore, that compared to C pigs, DL pigs were energy restricted during early growth, 
beyond  the  immediate  post-weaning  period  because  of  increased  maintenance 
requirements due to the thermal environment. The energy restriction was reflected in the 
reduced ADG and LW in DL pigs to 16 weeks of age. Classic studies by McMeekan 
(1940)  demonstrated  the  effect  of  high  and  low  plane  nutrition  on  the  carcass  of 
growing pigs, where pigs on the low plane of nutrition had a higher proportion of lean 
relative to fat.  
 
A period of nutritional restriction followed by re-feeding may result in a compensatory 
growth response, where growth rate is accelerated (McMeekan, 1940; Bohman, 1955) 
and  can  be  more  efficient  (Donker  at  al.,  1986).  During  the  compensatory  growth 
period protein gain is promoted rather than fat gain (Whang et al., 2003) resulting in a 
leaner carcass (Hornick et al., 2000), however continued elevated food intake results in 
a higher rate of fat gain as nutrient intake exceeds that required for maximum protein 
accretion (Campbell and Taverner, 1988; Wagner et al., 1999; Hornick et al., 2000) as 
found for the DL pigs after 24 weeks of age. Recently, Suster et al. (2005a) found that 
pigs housed on DL had reduced feed intake in the first three weeks after weaning and at 
around  10  weeks  of  age  had  a  higher  lean  tissue  content  compared  to  C-housed 
counterparts. When the energy available for growth is moderately restricted in pigs, fat 
gain is reduced whilst effects on lean gain are minimal (Verstegen et al., 1973). The 
early nutritional restriction experienced by DL pigs may explain the trend for more lean 
in the loin and ham, and therefore carcass side, compared to C pigs.  
 
Alternatively, comparisons between finished pigs housed conventionally and outdoors 
or in DL systems have found pigs from the latter types of housing to have more muscle 
development and larger loin-eye area, possibly as a consequence of increased exercise 
(Gentry  et  al.,  2002a;  Gentry  et  al.,  2002b;  Millet  et  al.,  2004;  Bee  et  al.,  2004). 
Exercise has also been reported to increase lean in the shoulder (Bee et al., 2004) and 
reduce fat in the ham (Skjervold et al., 1963) and the total carcass (Peterson et al.,  
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1998a). Conversely Enfält et al. (1993) found no effects of exercise on the proportion of 
lean meat in pigs. It is likely that the variable reports on the effect of exercise on pig 
carcass  composition  are  due  to  the  difference  between  the  effects  of  spontaneous 
activity and exercise training on growth and development (Peterson et al., 1998b).  
 
The trend for lower fat:lean in the belly of young pigs may also be a result of restricted 
energy intake. The response of increased lean yield in pigs treated with pST is more 
pronounced in the belly primal relative to the whole carcass and other primals (Suster et 
al., 2005). This finding may indicate that deposition of lean and fat tissue in the belly is 
more sensitive to metabolic change, compared to the other carcass primals.  
 
The plots of fat, lean and bone accretion for the current experiment indicate that the rate 
of fat tissue accretion increased rapidly in the loin and belly primals of DL pigs after 
about  20  weeks  of  age.  Deposition  studies  conducted  by  D’Souza  et  al.  (2004) 
demonstrated that fat deposition in the belly primal occurs late, relative to the other 
primals. In the current study, the tissue categorised as fat in the belly primal included 
mammary tissue. Therefore the rapid increase in belly fat accretion found in heavy pigs, 
around 150 kg LW, may be in part a rapid increase in mammary tissue as the animals 
approached  puberty.    Sørensen  et  al.  (2002)  reported  two  phases  of  mammary 
development in gilts. From birth to about three months of age the change in the amount 
of mammary tissue is negligible, however between three months until puberty the rate 
of  mammary  tissue  accumulation  increases  four  to  six-fold.  The  second  phase  of 
mammary development and therefore significant mammary tissue accumulation occurs 
during the last third of pregnancy and therefore is not relevant to the current results.  
The  allometric  growth  phase  of  the  mammary  tissue  is  closely  linked  to  the 
development of the reproductive organs (Sjersen and Purup, 1997). The results for the 
current experiment indicate that the reproductive tract was heavier in DL pigs after 20 
weeks of age, suggesting the tracts were more developed and that there may have been 
an earlier onset of puberty compared to C pigs. In modern gilts it is not certain whether 
it is age or LW that is the primary factor for initiating the onset of puberty (Close and 
Cole, 2000). The pigs in the current study were the same age and the average LW of C 
pigs was significantly heavier between eight and 20 weeks of age, so for the onset of 
puberty  to occur earlier in DL pigs there  must have been other influencing  factors.  
Several authors have reported the earlier onset  of puberty in  gilts raised in outdoor 
production systems compared to gilts raised in C systems (Caton et al., 1986; McCaw,  
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2000). Sufficient floor space and improved air quality have a positive effect on age at 
puberty  (Levis,  1998)  both  of  which  are  more  likely  in  outdoor  and  DL  housing 
environment compared to C housing systems. Reproduction in the wild European boar 
is seasonal where puberty and oestrus are stimulated by short day length (Weiler et al., 
1996). Signs of seasonality remain in the modern domestic pig (Claus and Weiler, 1985; 
Hannesson,  2005).  Within  C  production  systems  “day”  length  can  be  manipulated 
through the use of lights, however DL systems are naturally lit and therefore day length 
is variable over the course of the year. Nevertheless the effect of photoperiod on the age 
at puberty in female pigs is controversial, as some studies have been confounded by the 
use of boar exposure to detect oestrous (Levis, 1998).  
 
Like the belly, the rate of fat accretion in the loin primal increased in DL pigs around 20 
weeks of age, which are in agreement with results reported by D’Souza et al. (2004). 
The measurement of subcutaneous backfat depth at the P2 site, occurring on the loin 
primal, has been used as an indicator of total carcass fat in pigs for the past 40 years. 
Fortin and Elliot (1985) and Aziz et al. (1993) found in finishing pigs and cull sows 
respectively, that carcass composition was more related to backfat thickness than CW, 
therefore it follows that fat accretion in the loin would reflect total fat accretion in the 
body. In older, ad libitum-fed pigs, food intake can exceed the pig’s energy requirement 
for maximum protein deposition (Standing Committee on Agriculture, 1990), therefore 
fat deposition increases. After 16 weeks of age ADG in the DL pigs increased to be 
similar to C pigs, therefore with the increased gain there was an increase in the rate of 
fat accretion. 
 
Percent bone was consistently higher in the carcasses of DL pigs. During growth bone 
adapts to physical activity ensuring that bone mass and architecture are appropriate for 
the loads it is required to withstand (Forwood and Parker, 1987; Price et al., 1995). 
Exercise has been shown to increase bone mass in pigs (Petersen et al., 1998a), and 
several behavioural studies have documented the levels of physical activity to be higher 
in pigs housed in outdoor or DL production systems, compared to pigs raised in C 
systems (Cox and Cooper, 2001; Sargent, 2001). Beattie et al. (1996) found that pigs 
demonstrated more locomotory behaviour when housed in an enriched environment and 
given an increased floor space, compared to pigs housed in a barren environment with a 
small floor space area, characteristic of C production systems. Lyons et al. (1995) found 
that in pens of the same dimensions, pigs housed in straw-enriched pens were more  
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active than pigs housed in barren concrete pens. Pluske et al. (2005) reported higher 
bone mineral content and bone density for outdoor born pigs and pigs raised in DL 
housing  compared  to  indoor  born  and  raised  pigs  and  concluded  this  was  likely  in 
response  to  the  additional  activity  of  pigs  in  those  environments.  Similar  to  the 
conclusions drawn by Pluske et al. (2005), for the current experiment an increase in 
bone  mass  of  DL  pigs  most  likely  contributed  to  the  increase  in  carcass  dressing 
percentage.  
 
3.3.4.4  Performance  of  genotype  compared  to  current  commercial  genotypes  in 
Australia 
 
3.3.4.4.1 Growth 
The  growth  performance  of  pigs  in  this  experiment  was  similar  to  that  reported  by 
Mullan et al. (2000) for female pigs of the same commercial genotype, where growth 
rates between 24-110 kg LW were around 880 g per day. The average slaughter weight 
for finished pigs in Australia is 97 kg LW (Australian Pork Limited, 2005a). The ADG 
of experimental pigs to 97 kg LW was higher compared to the average performance 
statistics for Australia (Australian Pork Limited, 2005a), suggesting that the genotype 
used  for  this  experiment  was  superior  in  terms  of  gain  relative  to  the  average 
performance  of  Australian  genotypes.  The  plot  of  LW  gain  shows  an  exponential 
increase in gain between three and 35 weeks of age. At 35 weeks, and greater than 180 
kg LW, the rate of growth was continuing linearly, at a high rate, indicating that the pigs 
still had a high growth potential.  
 
3.3.4.4.2 Carcass 
The development of fat, lean and bone in the carcass was as expected.  As pigs grow the 
nitrogen  retention  rate  decreases  curvilinearly  in  response  to  LW  gain  (Standing 
Committee on Agriculture, 1990). Lean tissue accumulated in the current study at a high 
rate until around 120 kg LW, after which the rate began to decline. From the plot of 
lean, fat and bone accumulation (Figure 3.8) the proportion of lean tissue relative to fat 
declines, not because the rate of protein accretion drops but rather because the rate of fat 
tissue accretion increases (Wagner et al., 1999). In pigs the nitrogen retention rate has 
been measured at its maximum between 30 to 100 kg LW (Williams et al. 1985). Other 
reports indicated that the proportion of lean tissue, relative to fat, declined around 75-90 
kg  LW  (Speer,  1991;  Schinckel  and  Einstein,  1995;  Wagner  et  al.,  1999).  Fat  
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accumulation increased exponentially with CW. Bone accumulation also appeared to 
increase  exponentially,  which  was  unexpected.  The  weight  of  the  bone  component 
within  the  body,  and  therefore  carcass,  increases  as  the  animal  grows,  however,  in 
proportion to total LW bone declines steadily after birth (Correia et al., 1988). The 
change in the proportion of bone in the shoulder, belly and ham primals with increasing 
LW was small, however for the loin and the total carcass there was an exponential 
increase in the proportion of bone mass. This is likely explained in part by dissection 
error, where part of the mass attributed to bone weight was actually lean or fat tissue 
remaining on the bone.  
 
3.3.4.5 Conclusion 
There were differences in the growth paths of C-housed and DL-housed pigs. Post-
weaning, C pigs had higher ADG compared to DL pigs to 16 weeks of age and therefore 
were significantly heavier than DL pigs to 23 weeks of age. Apparent food intake for 
the entire experimental period was higher for DL pigs, therefore as found by a number 
of studies and akin to industry belief, pigs raised on DL were less efficient than pigs 
raised in the C environment. The differences in growth paths between C and DL pigs 
resulted  in  differences  in  carcass  tissue  distribution,  however  the  differences  that 
occurred were in part not what were hypothesised because lean and bone deposition, 
rather than fat deposition, were affected. The reduced performance of DL pigs post-
weaning resulted in the carcasses of young DL pigs having a higher percentage of lean 
in the loin and ham. Results also indicated that the ratio of fat:lean in the belly can be 
reduced in young pigs housed on DL. Percent bone was higher for pigs raised in the DL 
system and it is possible that increased levels of exercise contributed to this as diet and 
genotype were constant between treatments.  
 
When considering the differences in growth performance and tissue distribution of pigs 
housed  in  C  or  DL  production  systems,  the  effect  of  season  must  be  kept  in  mind 
because it is likely that lower ambient temperatures contributed to the early  growth 
depression in young DL pigs.  
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3.4 Discussion for Experiments 1a and 1b 
The hypotheses for Experiment 1a and 1b were supported. Differences in adipocyte 
characteristics and plasma metabolite concentrations and strong trends for the activity of 
key enzymes involved in lipogenesis to differ indicated that there were differences in 
lipogenesis  during  growth  between  pigs  raised  in  C  and  DL  production  systems. 
Similarly, differences in LW gain and calculated feed conversion ratio indicated that the 
growth paths of pigs raised in the contrasting production systems were different. There 
were small differences in fat distribution within the carcass and housing altered the 
pattern of lean tissue distribution during growth, particularly during early growth, which 
indicated  patterns  in  tissue  deposition  of  growing  C-  and  DL-housed  pigs  differed 
during growth.  
 
The differences in enzyme activities in fat tissue from C and DL pigs were not reflected 
in differences in percent fat in the primals and carcass as shown by the low coefficient 
of  determination  values  created  from  the  regression  of  enzyme  activity  data  with 
corresponding carcass and belly primal composition data. Total fat deposition depends 
on the rate of lipogenesis and the simultaneous rate of fatty acid oxidation, lipolysis 
(Vernon, 1986). The early growth differences in the indicators of lipogenesis may not 
have  been  translated  into  differences  in  carcass  fat  because  of  an  elevated  rate  of 
lipolysis  in  C  pigs  or,  alternately,  a  reduced  rate  of  lipolysis  in  DL  pigs  occurring 
simultaneously  to  lipogenesis.  This  explains  the  poor  relationship  between  enzyme 
activity and carcass composition measures however, several authors have shown that 
lipolysis plays a minor role in regulating adipose tissue accretion (Metz and Dekker, 
1981; Scott et al., 1981; Mersmann, 1985; Mersmann, 1986; Dunshea, 1993; Kramer et 
al., 1993). Regression of P2 depth against to carcass parameters indicated that although 
not a good predictor of carcass fat:lean P2 was a good indicator of percent fat and 
percent lean in the carcass and a good indicator of fat:lean in the belly primal, when 
data were grouped by slaughter age.  
 
Variation in the growth path of an animal affects body composition. The most common 
factor to influence growth is nutrient intake. Food intake is an important determinant of 
performance and variation in carcass quality as measured by lean and fat tissue (Cole 
and  Chadd,  1989).  In  growing  pigs,  the  mass  of  lean  tissue  continues  to  increase, 
however as pigs age the rate of fat accretion accelerates and exceeds that of lean tissue 
gain (Sheilds et al., 1983; Bikker et al., 1995). Therefore high rates of gain in young  
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animals consist of a greater proportion of lean deposited relative to fat, whereas in older 
animals  high  rates  of  gain  are  associated  with  elevated  rates  of  fat  deposition. 
Experiment 3.3 clearly indicated that during early growth, C pigs grew faster and were 
heavier than DL pigs, therefore it was expected that C pigs would be fatter. Dissection 
indicated  a  trend  for  more  fat  in  the  belly  of  C  pigs,  and  although  there  were  not 
differences  in  percent  fat  in  the  carcass  there  were  differences  in  percent  lean. 
Essentially young DL pigs were leaner. After 20 weeks of age however, growth rates 
and LW were similar for pigs in both treatments and the rate of fat deposition in DL 
pigs, particularly in the loin and belly, increased rapidly. The increase in fat deposition 
was likely explained by an increase in nutrient intake through elevated food intake.  
 
It appears that fat deposition in the belly may be more sensitive to changes in energy 
metabolism  than  fat  deposition  in  the  other  primals.  It  has  been  shown  that  fat 
deposition  occurs  late  in  the  belly  primal  relative  to  other  primals  (D’Souza  et  al., 
2004), and Suster et al. (2004b) reported that the amount of fat in the belly was reduced 
to a greater extent relative to the other primals and total carcass fat when pigs were 
treated with the metabolic modifier pST. Results from the current experiment found that 
C pigs were heavier, had elevated enzyme activity and had a higher ratio of fat in the 
belly than DL pigs at 13 weeks of age. However there was no relationship between the 
activity  of  key  enzymes  involved  in  lipogenesis  and  percent  fat  in  the  belly.  This 
suggests that the rate of lipolysis may fluctuate and be more sensitive to changes in the 
energy requirements of the pig than lipogenesis. Alternately, during growth a significant 
proportion of lipid accretion in the belly primal may have occurred via incorporation of 
pre-formed FA (either from dietary origin or de novo synthesis in other fat depots), 
rather than through the enzyme driven de novo synthesis in local tissue (Mourot et al., 
1995). Further work is required to gain a better understanding of fat metabolism in the 
belly so we may be better able to manage and manipulate belly composition. 
 
Elevated fat deposition in older pigs housed in a DL production system may create an 
issue  if  the  industry  increases  average  slaughter  weight  to  improve  production 
efficiencies, with pigs finished in DL systems being excessively fatter than C-finished 
pigs. Though not beneficial to the slaughter herd, there may be breeding herd benefits in 
raising replacement gilts in DL production systems. Body condition may be improved, 
particularly in very lean genotypes (Smits, 2005), and there may be an increase bone  
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density  and  strength,  which  are  both  important  factors  contributing  to  lifetime 
performance (Mullan, 1987; Close and Cole, 2000). 
 
It  is  likely  that  the  effect  of  housing  on  growth  performance  is  seasonal.  It  has 
previously been demonstrated in Western Australia that within C housing facilities there 
is a seasonal effect on backfat thickness, relative to LW (Trezona et al., 2004). As the 
environments of low-cost DL housing systems are not controlled to the same extent as 
C housing, the seasonal effect on pig growth and carcass is likely to be even more 
pronounced. In the current experiment, post-weaning performance was superior in the C 
housing system, whereas it has often been reported as superior in DL housing systems 
(Kruger et al., 2006). Honeyman and Harmon (2003) reported seasonal differences in 
the ranking of pig performance when raised in C or DL housing, specifying winter as 
the period of reduced performance in DL pigs. In the current study pigs were weaned in 
early  September,  when  ambient  temperatures  were  cool.  The  TCZ  of  small  pigs, 
particularly those that are newly weaned, is relatively high (Farran, 1990). There were 
considerable periods where the temperature within the DL housing system would not 
have met the TCZ requirements of the pig. During the first two weeks of experiment the 
average  minimum  daily  temperature  was  10 
oC  (4.7  to  13.7 
oC)  and  average  daily 
maximum temperature was 17 
oC (14.6 to 19.8 
oC). From 3 to 13 weeks of age the 
minimum daily temperature was below 12 
oC on 39 out of  the 70 days.  
 
Strategies  to  minimise  growth  variation  within  and  between  production  systems  are 
important to minimise carcass variability and therefore provide product that consistently 
meets  market  requirements.  Currently  a  number  of  management  strategies  are 
implemented by producers to reduce variation within finisher herds, including the use of 
metabolic  modifiers,  such  as  pST  and  β-agonists,  to  minimise  fat  deposition  and 
enhance lean tissue deposition.  A management strategy often used by producers with 
both C and DL housing facilities is to wean pigs into DL, taking advantage of health 
and growth benefits, and then finish pigs in C housing, maintaining closer control over 
feeding and selection of pigs for marketing and therefore managing carcass fatness. The 
effect  of  this  management  strategy  on  growth  performance  and  carcass  quality, 
including fat deposition and distribution, will be explored in Chapter 4. 
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3.4.1  Conclusion 
The disparate physical, thermal and social environments of C and DL pig production 
systems  result  in  different  growth  paths  for  pigs.  The  biochemical  indicators  of 
lipogenesis  suggest  that  fat  metabolism  is  altered,  contributing  to  changes  in  tissue 
deposition patterns in the body and therefore carcass. The effect of housing on growth 
and tissue deposition varies between seasons and it is likely that seasonal variability in 
performance and carcass is greater in DL production systems. In Western Australia’s 
mild climate, it is likely that DL housed weaner pigs would be most affected by season 
and therefore seasonal management strategies for weaners may be required to minimise 
variation in pig performance and carcass quality.  
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CHAPTER 4 
 
 
Weaning female pigs into deep-litter housing and finishing 
them in conventional facilities as a strategy to minimize 
carcass fatness and improve efficiency of growth: the effects 
on growth performance, fat deposition and fat distribution  
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4.1 Introduction to experiment 2a and 2b 
Chapter  3  highlighted  differences  that  occurred  in  the  fat  metabolism  and  growth 
performance of pigs raised in DL and C housing. The results were in agreement with the 
industry belief that DL pigs are less efficient than C-housed pigs. In support of industry 
views there were also indicators of increased fatness in older DL pigs. The rate of fat 
accretion was higher in the loin and belly primals of DL pigs from 20 weeks of age 
(about 90kg LW) compared to C-housed pigs and this was evident in the carcass at 35 
weeks of age and was accompanied by a trend for higher LW.  
 
The management of variation in weight and backfat thickness of pigs is more difficult in 
DL housing systems than in C systems (Kruger et al., 2006). This was demonstrated in 
results from experiment 1a and b where the coefficient of variation for P2 backfat depth 
was consistently higher in DL housed pigs. A common strategy employed by producers 
to minimise variation and control backfat, whilst still utilising DL housing systems, is to 
move grower pigs from DL systems to C housing (in smaller groups) for the finishing 
period (Payne et al., 2000; Kruger et al., 2006). The age or weight at which pigs are 
moved varies between production systems, however in general pigs are moved between 
ten weeks of age (approximately 30 kg LW) (A Moore, Producer, Pers. Comm. 2004) 
and 15 weeks of age (approximately 60 kg LW) (Kruger et al., 2006).  
 
No formal investigations have quantified the effect of moving pigs from DL into C 
housing systems for finishing on growth performance or whether there is an effective 
reduction in backfat and variability in LW in comparison to pigs raised from weaning to 
slaughter in DL production systems.  Moving pigs into a new environment and creating 
new and smaller  groups alters the social structure  and can negatively  affect  growth 
performance (del Barrio et al., 1993; Stookey and Gonyou, 1994). Therefore, it was 
expected that moving pigs to new and unfamiliar housing systems would have an effect 
on growth and subsequent body composition. 
 
The experiments described herein were designed to investigate the impact of weaning 
pigs into DL housing systems then moving them into C housing for finishing, on fat 
deposition  and  distribution,  growth  performance,  carcass  quality  and  meat  quality 
relative to pigs housed in C or DL systems for the entire wean-to-finish period. Pigs 
were  moved  at  13  weeks  of  age  (intermediate  in  the  age/weight  range  common  to  
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commercial practice) and were grown to 24 weeks of age. All pigs were maintained 
within the same social group throughout the experiment, therefore changes to social 
structure were minimal. It was hypothesised that moving pigs from DL to C housing 
during the grower period would result in improved overall growth performance and 
reduced carcass fatness compared to pigs that are raised in DL housing from wean-to-
finish. It  was also  expected that when pigs were  moved into an unfamiliar housing 
environment there would be a temporary negative effect on growth.   
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EXPERIMENT 2A 
 
4.2  Weaning  female  pigs  into  deep-litter  housing  and  finishing  them  in 
conventional facilities: What are the effects on lipogenesis and the fatty acid profile 
of belly fat and backfat depots?  
 
4.2.1  Introduction 
The type of housing in which pigs are raised affects fat metabolism during growth. In 
Chapter 3 measures of factors involved in lipogenesis indicated that during the early 
growth period from 3 to 13 weeks of age, fat deposition was higher in pigs housed in C 
facilities  compared  to  pigs  housed  in  DL  systems,  that  is  straw  bedded,  low-cost 
shelters. Significantly larger backfat adipocyte diameters suggested that from 13 weeks 
of age DL pigs had thicker backfat than C pigs. This supports the industry view that 
slaughter  pigs  raised  in  DL  production  systems  are  fatter  than  pigs  finished  in  C 
production systems (Payne et al., 2000), however carcass data did not indicate DL pigs 
were fatter than C pigs until later at 35 weeks of age.  
 
A strategy employed by some producers to manage increased backfat thickness is to 
wean pigs into DL systems and then finish them in C housing facilities. Small group 
size, common to C housing, allows greater management over the feeding and marketing 
of pigs, as the weight and age variation within each group can be reduced (Payne et al., 
1999). Improved marketing and feeding management can offer a higher level of control 
over backfat thickness and therefore maximise the prices received for each carcass.  
 
Growth  performance  can  be  negatively  affected  when  pigs  move  into  a  new 
environment. del Barrio et al. (1993) found that transportation, new housing conditions 
and regrouping of 10-week-old growing pigs significantly altered energy metabolism, 
changing the efficiency of energy utilisation for growth. The authors concluded that this 
was likely to affect the ratio of fat:protein deposition over time. The negative effects of 
changing housing environment can occur for up to two weeks after the event (del Barrio 
et al., 1993; Stookey and Gonyou, 1994), therefore the effect on fat deposition and 
distribution is likely to be significant and may still be evident at slaughter. 
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Previous work has demonstrated that changes in nutrition at different stages of growth, 
through ad libitum vs restrict feeding (Trezona et al., 1999) or high vs low ambient 
temperature  (Trezona  et  al.,  2002),  effects  growth  performance  and  fat  distribution. 
Similarly when considering the differences in the thermoregulatory and maintenance 
requirements of pigs housed in C or DL systems, it is expected that the stage of growth 
for which pigs are raised in C or DL housing systems will have different effects on fat 
deposition and distribution.  
 
The hypotheses for the current experiment were as follows: 
•  Changing  the  housing  system  would  cause  an  interruption  to  growth,  and 
therefore affect fat and lean accretion. 
•  Lipogenesis would be higher during early growth in C-housed pigs compared to 
those in the DL housing system.  
•  The effects of housing on lipogenesis would be more pronounced during the 
finishing period and, at 24 weeks of age, lipogenesis (as indicated by activity of 
key  enzymes  involved  in  lipogenesis,  FA  profile  and  plasma  metabolite 
concentrations) would be similar for pigs finished in the same housing system, 
regardless of the system into which they were weaned.  
•  The  measurement  of  key  factors  involved  in  lipogenesis  would  indicate  that 
lipogenesis, and therefore fat deposition, would be higher in pigs finished in the 
DL environment compared to pigs finished in the C environment.   
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4.2.2 Materials and Methods 
 
4.2.2.1 Experimental Design 
The  experiment  consisted  of  two  housing  treatments,  C  or  DL,  across  two  growth 
periods; early (three to 13 weeks of age) and late (13 to 24 weeks of age). The four 
treatments are listed below (Table 4.1).  
 
Table 4.1 Housing treatments. 
  Growth Period 
Treatment code  Early 
(3-13 weeks of age) 
Late 
(13-24 weeks of age) 
     
CC  Conventional housing  Conventional housing 
CD  Conventional housing  Deep-litter housing 
DC  Deep-litter housing  Conventional housing 
DD  Deep-litter housing  Deep-litter housing 
     
 
There were four pens per treatment and 10 pigs per pen. Two pigs per pen were selected 
at random and slaughtered at 13 weeks of age prior to pigs changing housing systems. 
All remaining pigs were slaughtered at 24 weeks of age. 
 
4.2.2.2 Animals, housing and diet 
One  hundred  and  sixty  female  pigs  (Large  White  X  Landrace)  were  obtained  at 
weaning, as described in Chapter 2.1. The average live weight of the pigs was 5.5 ±0.08 
kg. On arrival, the piglets were stratified by weaning weight into groups of 10 and each 
group was allocated to one of the four treatments. There were four groups per treatment. 
At 13 weeks of age all groups of pigs moved into new pens, regardless of whether pigs 
were changing housing systems or not. 
 
4.2.2.2.1 Conventional housing 
Groups of pigs in the CC and CD treatments were randomly allocated to customised 
weaner  pens  within  the  conventional  grower-finisher  facility.  The  partially  slatted 
concrete pens were 3.2 x 1.2 m, with the slatted area being 1.3 x 1.2 m. The lying area 
was an enclosed insulated kennel, heated by an infra-red heating lamp, and fitted with a 
4-space weaner feeder (0.8 m in width). Cool, fresh water was supplied ad libitum via 
two  wall  mounted  nipple  drinkers  located  in  the  slatted  area.  As  per  commercial 
practice, groups of pigs were moved into grower-finisher pens at eight weeks of age (an 
average of 20 kg LW). The grower-finisher pens were partially slatted concrete pens, as  
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described in previously in Chapter 2.2.1, and were equipped with a single space feeder 
and two wall-mounted nipple drinkers.   
 
4.2.2.2.2 Deep-litter housing 
At weaning the groups of DD and DC pigs were randomly allocated to the DL housing 
pens. There were two low-cost shelters, each 21.6 x 8.6 m, and both were divided into 
four equal sized pens (9.0 x 4.3 m). Each pen consisted of a bedded area (9.0 x 4.3 m) 
and an elevated concrete feeding pad (1.8 x 4.3 m). The pens were fitted with identical 
nipple drinkers (4 per pen) and an eight space bulk feeder. For the first five weeks of the 
experiment (until pigs reached 8 weeks of age) the bulk feeder was left empty and a 
Trevaskis weaner feeder (16 feeding spaces), located on the feeding platform, was used. 
When the pigs reached eight weeks of age the Trevaskis feed was removed from the 
pens and feed was made available from the bulk feeder. The DL pens were thickly 
bedded with barley straw and fresh straw was added as required to maintain a dry lying 
area for all pigs.  
 
4.2.2.2.3 Feeding 
Pigs were phase-fed seven commercial diets (Table 4.2) following a feed budget over 
the LW range of 5 to 120 kg: Creep (5.5-7 kg LW), Weaner (7-16 kg LW), Grower 1 
(16-35 kg LW); Grower 2 (35-47 kg LW), Finisher 1 (47-68 kg LW), Finisher 2 (68-82 
kg LW) and Presale (82-120 kg LW). The creep diet was in crumble form while the 
remaining diets were pelleted. 
 
Pigs were weighed weekly and the total amount of each diet allocated per pen was 
recorded over the experimental period.  
 
4.2.2.3 Measurements and sample collection 
Approximately 25 ml of blood were collected from each pig via vena puncture on the 
morning of the day prior to slaughter to measure circulating levels of non esterified fatty 
acids  (NEFA),  glucose,  glycerol,  lactate  and  acetate.  The  collection  procedure  and 
processing of blood and plasma was done as described in Chapter 2.4.1 and Chapter 
2.5.1. 
 
The pigs were transported to a commercial abattoir and slaughtered as described in 
Chapter 2.3. Immediately on entry to the chiller, adipose samples were collected from  
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the belly and backfat depots as described in Chapter 2.4.2, and transported in liquid 
nitrogen, then stored at -80 
oC until later prepared and analysed for the activity of key 
enzymes involved in lipogenesis and FA profile.  
 
Table 4.2 Composition of experimental diets. 
aMill mix: by-product of flour milling 
bReworks:  the  residual  feed  remaining  within  the  feed  mill  from  a  previous  diet  mix  (therefore  the 
specifications are known)  
*Provided the following nutrients (per kg air-day diet): 
Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 µg, 
Calcium pantothenate 25 mg, Folic Acid 0.5 mg, Niacin 30 mg, Biotin 75 µg. 
Minerals: Co 0.5 mg (as cobalt sulphate), Cu 25 mg (as copper sulphate), Iodine1.25 mg (as potassium 
iodine), Iron 150 mg (as ferrous sulphate), Mn 100 mg (as manganous oxide), Se 0.5 mg (as sodium 
selenite), Zn 0.25 mg (as zinc oxide)  
 
  Diet 
Ingredient (%)  Creep  Weaner  Grower 
1 
Grower 
2 
Finisher
1 
Finisher 
2  Presale 
Wheat  11.6  16.85  -  -  -  -  - 
Groats  30.5  10.0    -  -  -  - 
Barley  -  24.9  42.6  51.27  50.04  50.02  49.95 
Triticale  -  5.0  15.0  13.0  8.15  8.85  - 
Lupins  -  -  -  11.4  30.0  25.55  19.65 
Breadcrumbs  15.0  -  -  -  -  -  - 
Mill-mix
a  -  5.0  4.7  -  -  -  7.9 
Reworks
b  -  -  -  -  5.0  5.0  5.0 
Lupin Kernel  5.0  10.0  20.0  8.6  -  -  - 
Lupin Bran  -  -  -  -  1.85  5.8  10.0 
Canola Meal  -  -  10.0  8.0  -  -  - 
Oat hulls  -  -  -  -  -  -  3.0 
Soya-bean Meal  7.0  7.0  -  2.4  -  -  - 
Full fat Soya  5.0  5.0  -  -  -  -  - 
Meat and Bone Meal  6.4  5.4  -  -  -  -  - 
Bloodmeal  1.0  1.0  2.0  -  -  -  - 
Fishmeal  5.2  4.0  -  -  -  -  - 
Skim Milk  5.0  -  -  -  -  -  - 
Whey Powder  2.5  -  -  -  -  -  - 
Tallow Press  4.2  3.8  2.0  2.0  2.0  2.0  2.0 
Choline Chloride 75%  0.04  0.03  0.01  0.01  0.01  0.01  0.01 
Alimet  -  -  0.12  0.08  0.11  0.08  0.04 
Limestone   -  0.75  1.5  1.4  0.95  0.90  0.95 
Dicalcium phosphate  -  -  1.0  1.05  1.1  1.1  0.9 
Salt  -  0.14  0.28  0.25  0.28  0.28  0.40 
Zinc Oxide  0.3  0.25  -  -  -  -  - 
Acid-Lac  0.3  -  -  -  -  -  - 
Porzyme tp 100  0.1  0.1  -  -  -  -  - 
DL-Methionine  0.08  0.08  -  -  -  -   
Lysine  0.34  0.43  0.44  0.26  0.22  0.16  0.07 
L-Threonine  0.09  0.08  0.05  0.025  0.03  -  - 
Vitamin/Mineral mix
*  0.25  0.25  0.25  0.25  0.25  0.25  0.125 
   
  Calculated nutrient composition 
DE (MJ/KG)  15.83  15.01  13.99  13.82  13.40  13.00  12.08 
Available Lysine  
(g/MJ kg)  0.93  0.79  0.67  0.59  0.55  0.50  0.44 
Protein (%)  23.48  22.01  19.31  17.12  16.37  15.37  14.00 
Crude Fibre (%)  2.56  3.98  5.71  6.49  8.76  9.40  11.72 
ADF (g/kg)  3.19  5.16  7.48  8.32  10.94  11.66  14.39  
  165 
4.2.2.3 Measurements and sample collection 
Approximately 25 ml of blood were collected from each pig via vena puncture on the 
morning of the day prior to slaughter to measure circulating levels of NEFA, insulin, 
glucose, glycerol, lactate and acetate. The collection procedure and processing of blood 
and plasma was done as described in Chapter 2.4.1 and Chapter 2.5.1. 
 
The pigs were transported to a commercial abattoir and slaughtered as described in 
Chapter 2.3. Immediately on entry to the chiller, adipose samples were collected from 
the belly and backfat depots as described in Chapter 2.4.2, and transported in liquid 
nitrogen, then stored at -80 
oC until later prepared and analysed for lipogenic enzyme 
activities and FA profile.  
 
4.2.2.4 Biochemical analyses 
The activities of G6PDH (EC 1.1.1.49) and ACoACBX (EC 6.4.1.2) were determined 
in the belly fat and backfat of pigs at 13 and 24 weeks of age. Fat samples from two 
randomly  selected  pigs  per  pen  were  assayed  for  enzyme  activity.  The  tissue  was 
prepared  for  enzyme  activity  analysis  following  the  methods  described  in  Chapter 
2.5.3.1. The activity of G6PDH was assayed by the spectrophotometric measurement of 
the appearance of NADPH at 339nm (Deutsch, 1983). The assay to measure the activity 
of  ACoACBX  was  based  on  the  H
14CO3
-  fixation  method  (Chang  et  al.,  1967; 
Mellenberger et al., 1973). Enzyme activities were expressed as unit per gram of fat 
tissue. The detailed methodology of the assays has been described in Chapter 2.5.3.2. 
 
Total lipids were extracted and methylated (AOAC, 1990) for fat from the belly and 
backfat depots of pigs at 13 and 24 weeks of age. The FA profile was determined via 
gas chromatography (Aligent 6890 series GC System, USA). The detailed methodology 
is described in Chapter 2.5.2. 
 
The concentrations of circulating blood metabolites were measured using commercially 
available kits (Boehringer Mannheim, Integrated Science, Randox, Wako) as described 
in Chapter 2.5.1.2. Acetate and lactate concentrations were analysed using the Roche 
Cobas Mira (USA) analyser and concentrations of glucose, glycerol and NEFA were 
analysed using an Olympus AU400 (France) analyser. 
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4.2.2.4 Statistical analyses 
The  one-way  ANOVA  procedure  (Genstat  ©  2005,  8th  edition,  Lawes  Agricultural 
Trust) was used to analyse treatment data from the early growth period, 3 to 13 weeks 
of age, as there was only an effect of C or DL housing at this time. Data from the late 
growth  period,  13  to  24  weeks  of  age,  were  analysed  using  the  two-way  ANOVA 
procedure  (Genstat  ©  2005,  8th  edition,  Lawes  Agricultural  Trust)  to  assess  main 
effects of early and late housing treatments and the interaction. The experimental unit 
was the individual animal, except for growth and apparent food intake, for which pen 
was  the  experimental  unit.  The  measure  of  variance  in  the  analyses  is  presented  as 
pooled standard error of the mean (SEM). Effects were considered significant if P≤0.05. 
If  the  P-value  lay  between  P>0.05  and  ≤0.100  then  the  effects  were  considered  as 
trends. The differences in FA profile relative to enzyme activities were subjected to 
analysis by simple linear regression with age as group.  
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4.2.3 RESULTS  
 
4.2.3.1 Growth performance 
There were no treatment differences in average LW at the start of the experiment (three 
weeks of age) where pigs were an average of 5.5 kg (P>0.100). At the end of the early 
growth period, that is 13 weeks of age, there was a strong trend for C-housed pigs to be 
lighter  than  DL-housed  pigs  (P=0.057).  At  24  weeks  of  age,  analysis  by  two-way 
ANOVA showed that there was a significant interaction between the Early and Late 
growth period (P≤0.05) and this indicated that CD pigs were significantly lighter than 
CC and DD pigs (Table 4.3). There was no effect of treatment on average daily gain 
during the early growth period or for the entire growth period (P>0.100). During the late 
growth period there was and effect of the interaction between early and late housing on 
ADG where pigs in the CC treatment group had higher gain than pigs on the CD and 
DC treatments (P≤0.05) (Table 4.4).  
 
Table 4.3 Average live weight (kg) for pigs raised under different housing treatments 
from three to 24 weeks of age (3-13 weeks n=8; 24 weeks n=4). 
Age  Treatment    Significance 
(weeks)  C  DL  SEM  Early
1  Late
2  Early*Late 
3
#  5.56  5.52  0.116  n.s  -  - 
13
#  46.3  48.5  0.80  †     
                 
  CC  CD  DC  DD         
24^  121.3
a  115.6
b  118.9
ab  122.1
a  1.73  n.s  n.s  * 
Significant difference P≤0.05:*; P≤0.100:†; P>0.100:n.s
  a,bdifferent superscripts within rows indicate 
significant difference, LSD 5% CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 
weeks;  CD  =  conventional  housing  3-13  weeks,  deep-litter  housing  13-24  weeks;  DC  =  deep-litter 
housing 3-13 weeks, conventional housing 13-24 weeks.
 1Early = growth period from 3 to 13 weeks of 
age. 
2 Late = growth period from 13 to 24 weeks of age. SEM: pooled standard error of mean. 
#Analysed 
by one-way ANOVA;  
^Analysed by two-way ANOVA, pen as the experimental unit 
 
 
Table 4.4 Average daily gain (g/day) for pigs raised under different housing treatments 
from three to 24 weeks of age (3-13 weeks n=8; 24 weeks n=4). 
Age  Treatment    Significance 
(weeks)  C  DL  SEM  Early
1  Late
2  Early*Late 
3-13
#  582  613  11.6  n.s  -  - 
                 
  CC  CD  DC  DD         
13-24  945
b  899
a  886
a  914
ab  18.5  n.s  n.s  * 
3-24  756
  724
  750
  765
  15.7  n.s  n.s  n.s 
Significant  difference  P≤0.05:*;  P>0.100:n.s 
a,bdifferent  superscripts  within rows indicate significant 
difference, LSD 5%. CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD 
= conventional housing 3-13 weeks, deep-litter housing 13-24 weeks; DC = deep-litter housing 3-13 
weeks, conventional housing 13-24 weeks. 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = 
growth period from 13 to 24 weeks of age. SEM: pooled standard error of mean. 
#Analysed by one-way 
ANOVA;  
^Analysed by two-way ANOVA, pen as the experimental unit  
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4.2.3.2 Apparent voluntary food intake 
There was an effect of housing treatment on the apparent VFI per day within each of the 
time periods during the experiment. Between three to 13 weeks of age pigs in the DL 
housing (DD and DC pigs) had a significantly higher apparent VFI (P≤0.001) than pigs 
in the C housing system (CC and CD pigs). During the period from 13 to 24 weeks of 
age  there  was  a  significant  effect  of  late  housing  and  interactions  between  housing 
systems on apparent VFI where the intake of CD pigs was significantly lower than pigs 
in the other treatment groups (P≤0.05). There was a significant effect of early (P≤0.05) 
and late (P≤0.05) housing and a significant interaction (P≤0.05) on apparent VFI for the 
entire  experimental  period,  where  intake  was  lower  for  pigs  in  the  CD  treatment 
compared to pigs in the other treatment groups (Table 4.5). 
 
Table 4.5 Apparent voluntary food intake (kg/pig/day) during the experimental period 
(n=4). 
Age  Treatment    Significance 
(weeks)  C  DL  SEM 
     
3-13  1.18  1.36  0.016  *** 
             
  CC  CD  DC  DD    Early
1  Late
2  Early*Late 
13-24
^  3.08
c  2.68
a  2.98
bc  2.85
ab  0.063  n.s  ***  † 
3-24
^  2.12
b  1.94
a  2.17
b  2.11
b  0.036  *  **  † 
Significant difference P≤0.001 :***; P≤0.01:**; P≤0.05:*; P≤0.100:†; P>0.100:n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5% 
CC  =  conventional  housing 3-24  weeks;  DD =  deep-litter  housing  3-24  weeks;  CD  =  conventional 
housing 3-13 weeks, deep-litter housing 13-24 weeks; DC = deep-litter housing 3-13 weeks, conventional 
housing 13-24 weeks. 
SEM: pooled standard error of mean 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
#Analysed by one-way ANOVA;  
^Analysed by two-way ANOVA, pen as the experimental unit 
 
4.2.3.3 Activity of key enzymes involved in lipogenesis  
At 13 weeks of age there was a trend for pigs in the DL housing system (DD and DC 
pigs) to have higher levels of ACoACBX in belly fat (P=0.075) compared to C pigs.  At 
the same age there was no effect of housing on G6PDH activity (Table 4.6).  
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Table 4.6 The activity of key enzymes involved in lipogenesis in adipose tissue from 
the  belly  and  backfat  depots  of  pigs  raised  from  three  to  13  weeks  of  age  in 
conventional (C) or deep-litter (DL) housing systems. 
    Treatment     
Enzyme
  Site  C  DL  SEM  Significance 
ACoACBX
1  Belly  0.61  0.79  0.065  † 
  n=  8  8     
           
  Backfat  0.26  0.36  0.099  n.s 
  n=  8  8     
           
G6PDH
2  Belly  2.13  2.29  0.089  n.s 
  n=  8  8     
           
  Backfat  2.78  2.55  0.118  n.s 
  n=  6  8     
Significant difference P≤0.100:†; P>0.100:n.s 
1 Units are nmol of radioactive bicarbonate incorporated / min / g fat x10
3 
2 Units are µmol of NADPH incorporated / min / g fat 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as the experimental unit 
 
The activity of ACoACBX was significantly different between the fat depots (P≤0.001). 
Activity  in  belly  fat  was  higher  compared  to  backfat.  For  G6PDH,  activity  was 
significantly lower in belly fat compared to the backfat depot (P≤0.001).  
 
At 24 weeks of age there was a strong trend for pigs housed conventionally during the 
late period of growth, that is CC and DC pigs, to have higher levels of ACoACBX 
(P=0.063)  and  G6PDH  (P=0.085)  in  belly  fat  compared  to  pigs  housed  in  the  DL 
production  system  during  late  growth.  There  was  also  a  trend  for  the  interaction 
between  early  and  late  housing  to  affect  enzyme  activity  in  backfat  (ACoACBX: 
P=0.96; G6PDH P=0.061), where pigs that changed housing system at 13 weeks of age 
had higher levels of enzyme activity (Table 4.7). 
 
The activity of ACoACBX was significantly lower (P≤0.001) in backfat compared to 
belly fat, whereas the activity of G6PDH was similar between the two depots (P>0.100).  
 
4.2.3.4 Fatty acid profile of adipose 
There was very little difference between the FA profiles of back fat and belly fat for C 
or  DL  housed  pigs  at  13  weeks  of  age.  Conventionally-housed  pigs  had  a  higher 
percentage of C17:1 (P≤0.05). Between fat depots, belly fat had a higher SFA:UFA than 
backfat (P≤0.001); belly fat had significantly higher percentages of C14:0,C16:0, C16:1 
(P≤0.001)  and  lower  percentages  of  C18:1,  C20:1  (P≤0.001),  C18:3n6  and  C20:0 
(P≤0.01) (Table 4.8).   
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At 24 weeks of age there were treatment effects on the FA profile of belly fat and 
backfat. For belly fat there was an effect of housing during the late growth period on the 
FA profile where CC and DC pigs had a higher percentage of C17:1 (P≤0.05), and CC 
pigs had a significantly higher percentage of C20:0 in belly fat (P≤0.05) compared to all 
other treatment groups. There was an interaction between early and late housing where 
pigs that remained within the same type of housing (CC and DD pigs) had a higher 
percentage of C18:0 compared to CD pigs (P≤0.05) and a lower percentage of C20:4 
(P≤0.05)  compared  to  CD  and  DC  pigs.  The  differences  in  FA  profile  between 
treatment groups resulted in a trend for CC, DD and DC pigs to have a higher SFA:UFA 
compared to CD pigs (P=0.080) (Table 4.9).  
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Table 4.7 The activity of key enzymes involved in lipogenesis in adipose tissue from the belly and backfat depots of 24 week-old pigs raised under 
different housing treatments (n=8). 
    Treatment    P-value 
    CC  CD  DC  DD  SEM  Early
1  Late
2  Early*Late 
  Site  n=  8  8  7  8         
ACoACBX^  Belly  0.34  0.28  0.40  0.25  0.053  n.s  †  n.s 
  Backfat  0.14  0.20  0.19  0.16  0.029  n.s  n.s  † 
                   
G6PDH
#  Belly  1.53  1.41  1.53  1.40  0.068  n.s  †  n.s 
  Backfat  1.43  1.63  1.65  1.40  0.105  n.s  n.s  † 
Significant difference P≤0.100:†; P>0.100:n.s 
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks, deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks. 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
^ Units are nmol of radioactive bicarbonate incorporated / min / g fat x10
3 
#Units are µmol of NADPH incorporated / min / g fat 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit  
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Table 4.8 Effect of conventional (C) and deep-litter (DL) housing on the fatty acid profile of subcutaneous belly fat and backfat from 13-week-old 
pigs.  
    Belly fat    Backfat   
Fatty Acid 
(%) 
Common 
Name  C  DL  SEM  P-value    C
  DL
  SEM  P-value   
Backfat vs 
belly fat 
14:0  Myristic  1.59  1.65  0.038  n.s    1.27  1.29  0.031  n.s    *** 
16:0  Palmitic  23.3  23.7  0.287  n.s    21.1  21.6  0.347  n.s    *** 
16:1  Palmitoleic  3.20  3.16  0.144  n.s    2.59  2.43  0.087  n.s    *** 
17:0  Margaric  0.58  0.54  0.031  n.s    0.60  0.55  0.026  n.s     
17:1    0.45  0.42  0.020  n.s    0.48  0.42  0.020  *     
18:0  Stearic  9.56  9.93  0.315  n.s    9.40  10.1  0.348  n.s     
18:1  Oleic  39.9  39.44  0.444  n.s    41.9  41.2  0.305  †    *** 
18:2  Linoleic  16.4  16.16  0.589  n.s    17.4  17.2  0.528  n.s     
18:3n3  α Linolenic  1.97  1.84  0.092  n.s    2.06  2.02  0.078  n.s     
18:3n6  γ Linolenic  0.08  0.07  0.008  n.s    0.11  0.10  0.010  n.s    ** 
20:0  Arachidic  0.17  0.17  0.007  n.s    0.18  0.20  0.008  n.s    ** 
20:1    0.73  0.76  0.021  n.s    0.83  0.85  0.026  n.s    *** 
20:4  Arachidonic  0.58  0.60  0.029  n.s    0.48  0.47  0.021  n.s     
                         
                         
SFA    35.3  36.2  0.509  n.s    32.8  34.0  0.64  n.s    *** 
UFA    63.5  62.6  0.492  n.s    66.7  65.5  0.63  n.s    *** 
SFA:UFA    0.56  0.58  0.013  n.s    0.49  0.52  0.01  n.s    *** 
Significant difference P≤0.001 :***; P≤0.01:**; P≤0.05:*; P≤0.100:†; P>0.100:n.s 
C = conventional housing from 3 weeks of age; DL = deep-litter housing from 3 weeks of age 
SFA: saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as the experimental unit  
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Table 4.9 Effect of housing treatment on the fatty acid composition of belly fat from 24-week-old pigs.  
    Treatment    P-value 
Fatty Acid 
(%) 
Common 
Name  CC  CD  DC  DD  SEM 
Early *Late  Early
1  Late
2  Early*Late 
14:0  Myristic  1.51  1.59  1.56  1.61  0.042  n.s  n.s  n.s 
16:0  Palmitic  25.1  24.5  25.1  25.2  0.388  n.s  n.s  n.s 
16:1  Palmitoleic  2.43  2.68  2.70  2.70  0.151  n.s  n.s  n.s 
17:0  Margaric  0.53
  0.48
  0.52
  0.44
  0.031  n.s  †  n.s 
17:1    0.42
b  0.40
ab  0.42
b  0.34
a  0.020  n.s  *  n.s 
18:0  Stearic  12.6
b  11.3
a  12.0
ab  12.4
b  0.345  n.s  n.s  * 
18:1  Oleic  41.4  40.2  40.6  40.2  0.712  n.s  n.s  n.s 
18:2  Linoleic  11.9
  14.3
  12.9
  13.0
  0.720  n.s  n.s  n.s 
18:3n3  α Linolenic  1.35
  1.63
  1.48
  1.46
  0.086  n.s  n.s  † 
18:3n6  γ Linolenic  0.04  0.04  0.05  0.04  0.004  n.s  n.s  n.s 
20:0  Arachidic  0.21
b  0.17
a  0.18
a  0.18
a  0.009  n.s  *  * 
20:1    0.85  0.78  0.76  0.76  0.036  n.s  n.s  n.s 
20:4  Arachidonic  0.36
a  0.43
b  0.42
b  0.37
a  0.027  n.s  n.s  * 
                   
%SFA    40.1
  38.3
  39.5
  40.0
  0.622  n.s  n.s  † 
%UFA    59.4
  61.2
  60.0
  59.5
  0.618  n.s  n.s  † 
SFA:UFA    0.68  0.63  0.66  0.67  0.017  n.s  n.s  † 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.   
Significant difference P≤0.001 :***; P≤0.01:**; P≤0.05:*; P≤0.100:†; P>0.100:n.s 
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks. 
 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
SFA: saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA  
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Table 4.10 Effect of housing treatment on the fatty acid composition of subcutaneous backfat from 24-week-old pigs. 
    Treatment    P-value 
Fatty Acid 
(%) 
Common 
Name  CC  CD  DC  DD  SEM  
Early *Late  Early
1  Late
2  Early*Late 
14:0  Myristic  1.27  1.31  1.34  1.33  0.040  n.s  n.s  n.s 
16:0  Palmitic  22.7  22.8  23.4  23.0  0.348  n.s  n.s  n.s 
16:1  Palmitoleic  1.93
a  2.01
ab  2.19
b  1.97
a  0.070  n.s  n.s  * 
17:0  Margaric  0.64
b  0.49
a  0.58
b  0.49
a  0.027  n.s  ***  n.s 
17:1    0.50
b  0.39
a  0.47
b  0.37
a  0.020  n.s  ***  n.s 
18:0  Stearic  12.4  11.8  12.2  12.1  0.296  n.s  n.s  n.s 
18:1  Oleic  42.1  41.5  41.4  41.7  0.431  n.s  n.s  n.s 
18:2  Linoleic  14.0  15.1  14.1  14.6  0.427  n.s  †  n.s 
18:3n3  α Linolenic  1.50
a  1.63
b  1.53
ab  1.60
ab  0.047  n.s  *  n.s 
18:3n6  γ Linolenic  0.04  0.04  0.04  0.04  0.003  n.s  n.s  n.s 
20:0  Arachidic  0.23
  0.20
  0.21
  0.21
  0.009  n.s  n.s  † 
20:1    0.91  0.90  0.88  0.90  0.031  n.s  n.s  n.s 
20:4  Arachidonic  0.34  0.39  0.36  0.37  0.017  n.s  n.s  n.s 
                   
                   
SFA    37.5  36.75  37.9  37.3  0.575  n.s  n.s  n.s 
UFA    62.1  62.77  61.6  62.2  0.571  n.s  n.s  n.s 
SFA:UFA    0.60  0.587  0.62  0.60  0.015  n.s  n.s  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.  
Significant difference P≤0.001 :***; P≤0.01:**; P≤0.05:*; P≤0.100:†; P>0.100:n.s 
 CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks. 
 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
SFA: saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit  
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Similar to the results found for belly fat, there was an effect of housing during the late 
growing period on the FA profile of backfat. Pigs finished in DL (DD and CD) had a 
significantly lower percentage of C17:0 and C17:1 (P≤0.001) and a higher percentage of 
C18:3n3 (P≤0.05). There was a strong trend for C18:2 to be higher in the backfat of DD 
and CD pigs (P=0.064). There was an interaction between early and late housing period 
on the percentage of C16:1 where CC and DD pigs had lower percentages in backfat 
compared to DC pigs (P≤0.05). There was no effect of treatments, nor an interaction 
between early and late housing environment, on the SFA:UFA of backfat (P>0.100) 
(Table 4.10).  
 
4.2.3.5 Blood biochemistry 
Glycerol and lactate concentrations were higher (P≤0.01) and NEFA concentration was 
lower  (P≤0.05)  in  the  plasma  of  C  pigs  compared  to  DL  pigs  at  13  weeks  of  age. 
Concentrations of plasma acetate and glucose were similar (P>0.100) (Table 4.11). 
  
Table 4.11 Concentration of plasma metabolites (mmol/L) in 13-week-old pigs housed 
in conventional (C) or deep-litter (DL) production systems from 3 weeks of age. 
  Treatment     
Metabolite  C  DL  SEM  Significance 
Acetate  0.153  0.176  0.0121  n.s 
Glucose  4.11  3.79  0.381  n.s 
Glycerol  0.171  0.053  0.0247  ** 
L-lactate  7.79  3.26  1.034  ** 
NEFA  0.121  0.227  0.0301  * 
Significant difference P≤0.01:**; P≤0.05:*; P>0.100:n.s
 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as the experimental unit 
 
There was no effect of housing on the concentrations of plasma acetate, glucose, lactate 
or NEFA at 24 weeks of age (P>0.100). There was an effect of housing during the late 
growth period on plasma glycerol concentration, where DL-finished pigs (DD and CD 
pigs)  had  significantly  higher  concentrations  compared  to  DC  pigs  (P≤0.05)  (Table 
4.12). 
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Table 4.12  Effect of housing treatment on the concentration of plasma metabolites (mmol/L) in 24-week-old pigs. 
  Treatment    Significance 
Metabolite  CC  CD  DC  DD  SEM  Early
1  Late
2  Early*Late 
Acetate  0.193  0.168  0.176  0.168  0.0155  n.s  n.s  n.s 
Glucose  2.85  2.54  3.00  2.93  0.278  n.s  n.s  n.s 
Glycerol  0.013
ab  0.017
b  0.010
a  0.019
b  0.0025  n.s  *  n.s 
L-lactate  2.80  2.68  3.11  2.56  0.418  n.s  n.s  n.s 
NEFA  0.036  0.041  0.040  0.052  0.0050  n.s  n.s  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.  
Significant difference P≤0.05:*; P>0.100:n.s 
 CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks. 
 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit  
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4.2.3.6 Relationships between data 
The activity of ACoACBX and G6PDH were related to the FA profile of belly fat and 
backfat,  however  the  proportion  of  variance  in  the  ratio  of  SFA:UFA  explained  by 
enzyme activity was less than 50% (Table 4.13). The relationship between ACoACBX 
and G6PDH within belly fat and backfat tissue was weak with r
2=17% (s.e. 4.59) for 
belly fat and r
2= 26% (s.e. 6.61).  
 
Table  4.13  Simple  linear  regression  between  lipogenic  enzymes  and  the  ratio  of 
saturated fatty acids in fat tissue from conventional- and deep-litter-housed pigs. 
  Response 
variate  Intercept  Regression 
co-efficient  s.e.*  R
2 
Belly fat           
ACoACBX   SFA:UFA  0.602  -0.003  0.058  0.40 
G6PDH   SFA:UFA  0.599  -1.19  0.060  0.37 
           
Back fat           
ACoACBX   SFA:UFA  0.536  -0.001  0.056  0.34 
G6PDH   SFA:UFA  0.595  -2.40  0.054  0.40 
G6PDH:  Glucose-6-phosphate  dehydrogenase;  ACoACBX:  Acetyl-CoA  carboxylase;  SFA:UFA: 
proportion of saturated fatty acids to unsaturated fatty acids. 
*s.e. Standard error of the observations 
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4.2.4 Discussion 
The current study investigated the effect of the commercial management practice of 
weaning pigs into DL housing and then moving them into C housing for finishing on fat 
deposition,  as  measured  by  indicators  of  the  rate  lipogenesis.  Results  supported  the 
hypothesis that changing housing during altered growth and affected lipogenesis. The 
results did not however support the hypotheses that lipogenesis in fat tissue would be 
similar for pigs finished within the same housing system, regardless of the housing 
system into which they were weaned and, that the rate of lipogenesis would be higher in 
the fat tissue of pigs finished in the DL housing environment.  
 
4.2.4.1 Thirteen weeks of age 
There was a strong trend (P=0.057) for DL pigs to be heavier than C pigs at 13 weeks of 
age.  The  results  reported  in  Chapter  3.2.4  found  at  13  weeks  of  age  C  pigs  were 
significantly heavier than DL pigs. Therefore in terms of LW during early growth, the 
previous findings of Chapter 3.2 were not supported. Apparent VFI to 13 weeks of age 
was higher in DL-housed pigs, explaining the heavier LW. 
 
Chapter 3.2 found the activity of key enzymes involved in lipogenesis was higher in the 
belly of the C pigs and this corresponded to higher growth rates. Schoonmaker et al. 
(2004) found in cattle and Bee et al. (2002) in pigs that diet-induced increases in daily 
gain were accompanied by higher lipogenic enzyme activities in backfat and the heavier 
animals also had higher percentages of carcass fat, compared to animals that had been 
fed a lower quality or quantity of diet and had lower ADG. In contrast to experiment 1a, 
results from the current experiment found a trend for ACoACBX activity to be higher in 
belly  fat  of  the  heavier  DL  pigs,  however  there  was  no  treatment  difference  in  the 
activity  of  G6PDH.  Acetyl  CoA  Carboxylase  is  considered  to  be  the  rate  limiting 
enzyme of lipogenesis (O’Hea and Leveille, 1969b; Kouba and Mourot, 1999) therefore 
an increase in activity, without a corresponding increase in G6PDH activity, may still 
indicate an impact of housing treatment on the lipogenic rate in belly fat of young pigs.  
 
Alternately, the trend for elevated ACoACBX activity in belly fat of DL pigs may be 
due to reduced fat deposition at this site because as the volume of triglyceride increases 
within the adipocyte, enzyme activity becomes diluted (Anderson and Kauffman, 1973). 
The elevated levels of enzyme activity in the belly fat of 13-week-old C pigs reported in 
Chapter 3.2 were accompanied by larger adipocyte diameters, suggesting increased fat  
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deposition was in response to a higher rate of lipogenesis (Johnson and Hirsch, 1972; 
Hood and Allen, 1973; Mersmann et al., 1975; Hood and Allen, 1977; Eguinoa et al., 
2003). Adipocyte diameter was not measured in the current experiment however, the FA 
profile of belly fat was determined. When lipogenesis is manipulated in pigs by the 
administration  of  metabolic  modifiers  (Dunshea  et  al.,  1992;  Eggert  et  al.,  2001; 
Ramsay et al., 2001), the FA profile of fat and lean tissue is altered, therefore it is 
reasonable to assume that differences in FA profile can indicate change in lipogenesis. 
At 13 weeks there was no effect of housing on the FA profile, suggesting that there was 
no difference in the rate of lipogenesis in belly fat between C- and DL-housed pigs.  
 
Similar to the results for belly fat, there was very little treatment difference in the FA 
profile  of  backfat.  An  exception  was  the  higher  percentage  of  C17:1  and  C18:1  in 
backfat  of  C  pigs.  Information  indicating  the  role  of  cis-10-heptadecanoic  acid,  i.e. 
C17:1, in adipose and its affect on fresh pork is limited. Many studies reporting the FA 
profile of tissue omit the results for C17:1, which is likely because it occurs at very low 
levels. Studies that have reported levels of C17:1 have shown for pigs and cattle that 
diet, in particular dietary fat source, causes significant changes in tissue concentration 
(Camfield et al., 1997; Bee et al., 2002; Noci et al., 2005; Sami et al., 2006), however 
this FA can also be formed through de novo synthesis (Enser, 1984). Oleic acid is the 
primary monounsaturated FA in animal fat, accounting for about 39% of the FA in 
backfat of pigs, and it originates from diet or through de novo synthesis in adipose 
tissue (Tume and D’Souza, 1999). Pigs in the current study were fed the same diets. 
Differences in the quantity of diet consumed, and therefore the amount of pre-formed 
FA available for incorporation into triglycerides, can explain differences in FA profile 
(Högberg et al., 2001). Pigs in the C housing system had a lower apparent VFI from 
weaning to 13 weeks of age than the DL housed pigs. For that reason it is concluded 
that the differences in the FA profile must be explained by differences in lipogenesis, 
affecting  the  synthesis  of  specific  FA  (De  Smet  et  al.,  2004),  or  differences  in  the 
mobilisation of FA through lipolysis. Nevertheless, because the percentage composition 
varied for only two FA between treatments it is likely that differences in lipogenesis 
between treatments were small.  
 
The activity of key enzymes involved in lipogenesis differed between the depots, where 
ACoACBX activity was higher and G6PDH activity was lower in belly fat relative to 
backfat. The two fat depots also differed in percent composition of the majority of the  
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FA reported and belly fat had a higher ratio of SFA:UFA than backfat. The differences 
indicate that lipogenesis was higher in the belly compared to the subcutaneous backfat 
depot to 13 weeks of age. Jeremiah (1982) found belly fat to have a higher ratio of SFA 
than backfat, however it was assumed the samples came from finished pigs as the age 
and weight were not specified. Data in Chapter 3.2 showed no difference in saturation 
between the belly and backfat depots of pigs at 13 weeks, but ACoACBX activity was 
higher  and  adipocyte  diameters  were  larger  in  belly  fat,  suggesting  again  that 
lipogenesis,  and  therefore  fat  deposition,  was  higher  in  the  belly  compared  to 
subcutaneous backfat during early growth.  
 
The  activity  of  ACoACBX  reported  for  the  current  experiment  is  higher  than  that 
reported in Chapter 3, even though the pigs were of the same genotype, age, fed similar 
diets and were managed in a similar fashion. Standard samples were used to adjust the 
data to account for any between-batch differences in analyses. Average LW at 13 and 
24 weeks was slightly higher for pigs from the current experiment so this may explain 
some of the difference measured between experiments in ACoACBX activity.  
 
The activity of ACoACBX and G6PDH indicates the rate of lipogenesis, whereas the 
FA  profile  indicates  the  nature  of  the  FA  that  are  synthesised  and  deposited.  The 
measurement of the concentrations of plasma metabolites indicate the dynamic status of 
fat metabolism and data indicate that at 13 weeks of age lipogenesis may have been 
lower  and  lipolysis  higher  in  DL  pigs  compared  to  C  pigs.  The  concentrations  of 
glycerol and lactate were lower and NEFA was higher in DL-housed pigs. Lactate is 
released into the bloodstream after the uptake of glucose (Ellmerer et al., 1998) and can 
be incorporated into the formation of triglycerides and therefore indicates lipogenesis.  
Glycerol and NEFA entry into the plasma pool reflects lipolysis and fat mobilisation 
(Dunshea  and  D’Souza,  2003).  For  the  current  results  the  lower  plasma  glycerol 
concentration of DL pigs is contradictory to the higher NEFA concentration. Glycerol is 
formed primarily from the breakdown of triglycerides (lipolysis). Revell et al. (1998) 
demonstrated in lactating sows that those with the lowest VFI during early lactation had 
elevated plasma glycerol and NEFA concentrations and mobilised more body fat during 
lactation  than  their  counterparts  fed  the  same  diet  with  higher  VFI.  Dunshea  et  al. 
(2000) reported variability in the relationship between plasma glycerol concentration 
and lipid release in lactating goats, suggesting that additional glycerol may have been 
derived from the hydrolysis of circulating triglycerides, rather than solely from adipose  
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tissue  lipolysis.  It  is  possible  that  differences  in  the  energy  balance  of  C-  and  DL-
housed  pigs  resulted  in  C  pigs  sourcing  a  greater  proportion  of  energy  from  the 
hydrolysis of plasma triglycerides, hence increasing plasma glycerol concentrations. In 
the same experiment, Dunshea et al. (2000) found that plasma NEFA concentration 
provided a good estimate of in vivo lipid mobilisation, which was in agreement with 
earlier studies in pigs by Mersmann (1986) and Harris et al. (1993) where elevated 
NEFA concentration indicated elevated rates of mobilisation (Dunshea and D’Souza, 
2003; Frayn, 2003). Therefore, plasma NEFA concentrations indicated that at 13 weeks 
of age lipolysis was occurring at a higher rate in DL pigs than C pigs.  
 
The small differences in the FA characteristics of backfat tissue between treatments, and 
differences in the activity of ACoACBX and G6PDH between the fat depots, suggested 
that between three and 13 weeks of age the different housing systems had depot-specific 
effects on lipogenesis. In addition, higher concentrations of plasma lactate in C pigs 
suggested increased lipogenesis, while higher concentrations of plasma NEFA indicated 
elevated lipolysis in DL pigs.  
 
4.2.4.2 Twenty four weeks of age 
At 24 weeks of age there was an effect of housing treatment on LW where pigs that 
changed housing environment at 13 weeks (CD and DC) were lighter than pigs that had 
not changed housing system (CC and DD pigs) indicating that the change of housing 
environment led to a significant growth check. In particular, pigs in the CD treatment 
group were lightest and on average were 5.7 and 6.5 kg lighter than CC and DD pigs 
respectively. Apparent VFI for the period from 13 to 24 weeks of age was lower in CD 
pigs, indicating that pigs in this treatment were most affected by change of housing 
system and explained the differences in LW from CC and DD pigs. Differences in LW 
for pigs of the same genotype and age reflect differences in growth rates which are 
attributable to differences in energy metabolism. Changes in metabolism affect the ratio 
between fat and lean deposition (Pethick and Dunshea, 1996) and for this reason fat 
distribution in growing animals can differ.  
 
The activity of key enzymes involved in lipogenesis tended to be higher in the belly fat 
of pigs finished in C housing systems, with DC pigs having the highest level of activity 
and DD pigs having the lowest. Elevated enzyme activity may indicate increased fat 
deposition.  It  was  likely  that  the  growth  check  caused  by  the  change  in  housing  
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environment  was  followed  by  a  compensatory  response  where  lean  gain,  feed 
conversion  efficiency  and  VFI  are  elevated.  After  the  initial  compensatory  period, 
continued elevated VFI can lead to increased fat deposition (Campbell and Taverner, 
1988; Wagner et al., 1999; Hornick et al., 2000). Alternately, as discussed previously 
higher enzyme activity per gram of tissue may indicate less fat because there are lower 
volumes  of  triglyceride  and  less  dilution  of  the  enzymes  (Anderson  and  Kauffman, 
1973,  Mourot  et  al.,  1995).  Consideration  of  the  FA  profile  of  belly  fat  and  the 
concentration  of  plasma  metabolites  may  indicate  which  alternative  explains  the 
differences in enzyme activity.   
 
In agreement with the results reported for 24-week-old pigs in experiment 1a (section 
3.2.3.4), pigs finished in the DL system had lower levels of C17:0 and C17:1 in backfat 
and lower C17:1 in belly fat. The lower percentages of C17:0 and C17:1 in fat tissue of 
DL- compared to C-housed pigs may be related to differences in the pig’s vitamin B12 
status. Subjects deficient in vitamin B12 have altered FA metabolism (Frenkel et al., 
1973) and have increased levels of C17:0 and C17:1 in tissues (Frenkel, 1973; Kennedy 
et al., 1994) including adipose (Bitman et al., 1978). The diets used in the experiments 
presented in this thesis all contained adequate levels of vitamin B12. Vitamin B12 is 
produced in the hind gut by bacteria (Linder, 1991) and it is likely that the bacteria in 
the gut of DL-housed pigs were more active than bacteria in the gut of C-housed pigs 
because of the DL pig’s access to straw and limited access to soil.  
 
A number of other FA differed between treatments, mostly between the CD pigs and the 
CC  and  DD  pigs.  Pigs  from  the  CD  treatment,  with  the  lowest  LW,  had  a  lower 
percentage of C18:0 compared to other treatments and trend for the highest percentage 
of C18:3n3. Piedrafita et al. (2001) reported higher proportions of C18:0 and a lower 
proportion of C18:3n3 in fat pigs compared to lean counterparts, and this contributed to 
an overall increase in saturation. In the current experiment, CC and DD pigs had the 
highest concentrations of C18:0 and the lowest concentrations of C18:3n3 in belly fat 
which led to a trend for a higher ratio of SFA:UFA. This suggests there was more fat 
deposited (De Smet et al., 2004) in the belly of these pigs compared to CD pigs.  
 
Pigs in the CD and DC groups had the highest percentage of C20:4. Arachidonic acid, 
C20:4, is an omega-6 FA which occurs in the phospholipids of membranes. It is an 
essential FA which must be obtained through the diet, therefore it’s likely that CC and  
  183 
DD pigs had lower percentages due to a higher ratio of FA incorporated into tissue from 
de novo synthesis rather than obtained from the diet.  
 
For backfat, there was no effect of treatment on the ratio of SFA:UFA. There were 
differences in percentages of specific FA which suggested changes in lipogenesis or 
lipolysis. Pigs finished in the DL housing system had higher percentages of C18:2 and 
C18:3n3 in backfat which can indicate lower rates of lipogenesis. The concentration of 
C18:2 and isomers of C18:3 in fat reduce with increasing fatness (Wood et al. 1985; 
Wood et al., 1989; Nürnberg et al., 1998; Piedrafita et al., 2001). The concentration of 
C16:1 was highest in backfat from CD and DC pigs. The occurrence of C16:1 in fat 
tissue is affected by energy intake and dietary fat source (Bee et al., 2002), however for 
the current experiment all pigs were fed the same diets and although apparent VFI was 
lower for CD pigs, during the late growth period apparent VFI did not differ between 
DC and CC or DD pigs.  
 
In the plasma of 24-week-old pigs, glycerol was the only metabolite which varied in 
concentration between housing treatments. Pigs finished in DL, the DD and CD pigs, 
had  higher  concentrations  of  plasma  glycerol  compared  to  pigs  finished  in  the  C 
housing system, the CC and DC pigs, indicating a higher rate of lipolysis (Dunshea and 
D’Souza, 2003). This supports the reduced activity of the  key  enzymes involved in 
lipogenesis in belly fat and the differences in FA profile of backfat which suggest lower 
fat deposition in DL finished pigs compared to pigs finished in the C housing system.  
 
4.2.4.4 Conclusion 
There were differences in fat metabolism of growing pigs raised under different housing 
treatments as indicated by the activity of key enzymes involved in belly and backfat, FA 
profiles in belly and backfat and concentrations of specific plasma metabolites. To 13 
weeks of age two housing treatments were compared, C and DL, and it was found that 
the effect of housing treatment on lipogenesis was small. There were depot-specific 
differences  in  enzyme  activities  and  FA  profile,  and  Chapter  4.3  will  investigate 
whether there were depot-specific effects of housing treatment on fat deposition. At 24 
weeks of age there were treatment differences in enzyme activities, FA profile and the 
concentration of plasma glycerol. Some of the differences could be related to the effects 
of C or DL housing, however the differences were mostly related to the significant 
growth  check  that  occurred  at  13  weeks  of  age  for  pigs  that  changed  housing  
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environments. The disruption to growth after change of housing was greatest for CD 
pigs however the effect on the indicators of lipogenesis were not distinct. Therefore the 
hypotheses that at 24 weeks of age lipogenesis would be higher in DL finished pigs and 
would be similar between pigs finished within the same housing system, regardless of 
housing during the early growth period, was not fully supported by the results.  
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EXPERIMENT 2B 
 
4.3  The effect of time of entry into deep-litter or conventional housing systems 
on  growth  performance  and  fat  deposition  and  distribution  in  the  carcasses  of 
female Large White x Landrace pigs grown from 5.5 to 120 kg live weight. 
  
4.3.1  Introduction 
The industry perception that pigs finished in DL production systems are less efficient 
and fatter than pigs finished in conventional productions systems was supported by the 
results of the experiment reported in Chapter 3. A practice common to the Australian 
pig industry in order to manage the reduced growth performance and increased fatness 
of finishing pigs in DL housing systems is to wean piglets into a DL system, to obtain 
the growth (Payne, 2004; Pope, 2001; Kruger et al., 2006) and financial benefits of 
using such a system. However, between 10 and 16 weeks of age, depending on the 
management  system  (A  Moore,  Producer,  Pers.  Comm.  2004;  Kruger  et  al.,  2006), 
grower pigs are then moved into C housing systems until they reach slaughter weight. 
Smaller group sizes, characteristic of C housing systems, allow easier management of 
variation  in  weight  and  P2  backfat  depth  because  there  is  greater  flexibility  in  the 
grouping of pigs and the ability to feed according to requirement.  
 
The effect of moving pigs from DL to C housing systems on growth performance and 
carcass  quality  has  not  been  quantified.  When  substantial  changes  to  the  pigs’ 
environment occur there is a negative effect on growth, and the duration of the effect 
will vary depending on the degree of change. For example, if pigs are moved as a group 
into  a  new  pen  the  growth  check  is  short-lived  and  there  may  be  minimal  or  no 
disruption  to  overall  growth  performance  (Dritz  et  al.,  1999;  Brumm  et  al.,  2002; 
Wolter et al., 2002).However, if pigs are regrouped and housed with unfamiliar pen 
mates, then the negative effects on growth performance are greater and can last for up to 
two weeks (del Barrio et al., 1993; Stookey and Gonyou, 1994) primarily due to the 
establishment of a new hierarchy. In the commercial environment the movement of pigs 
from DL to C housing systems would significantly alter the social structure within pen 
groups. In addition, the differences in the pen’s physical and thermal environment are 
substantial and are likely to create an additional stress response. The previous results 
reported in Chapter 3 (3.2.3, 3.3.3) indicate that there are differences in lipogenesis, fat 
deposition and distribution, and growth performance between pigs housed in C and DL  
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production systems. The results reported in Chapter 4 (4.2.3) indicate that there is an 
effect of changing housing system on growth performance and suggested a difference in 
lipogenesis  that  would  contribute  to  a  difference  in  fat  deposition  and  distribution 
within the carcass. The results from the previous experiment also suggested that pigs 
weaned into the C housing system and finished in the DL housing system, which is not 
common in commercial practice, had the most significant growth check. 
 
This experiment was designed to test several hypotheses. First, moving pigs from C or 
DL housing into the alternate type of housing would have a negative impact on growth 
performance  that  in  turn  would  affect  fat  distribution  in  the  carcass,  and  therefore 
carcass quality. Housing affects fat deposition in the carcass (Chapter 3; 3.3.3) and the 
proportion  of  fat  deposited  in  gain  increases  with  age  (Standing  Committee  on 
Agriculture,  1990),  therefore  it  was  also  hypothesised  that  fat  distribution  in  the 
carcasses  of  pigs  finished  within  the  same  housing  system,  regardless  of  weaner 
housing, would be similar. Third, it was hypothesised that pigs finished in the C housing 
system  would  be  leaner  than  pigs  that  were  raised  in  the  DL  housing  system  from 
weaning through to slaughter.  
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4.3.2 Materials and Methods 
4.3.2.1 Experimental Design 
The  experiment  consisted  of  two  housing  treatments,  C  or  DL,  across  two  growth 
periods: (i) early (three to 13 weeks of age) and (ii) late (13 to 24 weeks of age). The 
four treatments are listed below (Table 4.14).  
 
Table 4.14 Housing treatments. 
  Growth Period 
Treatment code  Early 
(3-13 weeks of age) 
Late 
(13-24 weeks of age) 
     
CC  Conventional housing  Conventional housing 
CD  Conventional housing  Deep-litter housing 
DC  Deep-litter housing  Conventional housing 
DD  Deep-litter housing  Deep-litter housing 
     
 
There were four pens per treatment and 10 pigs per pen. As described in Chapter 4.2.2.1 
two pigs per pen were slaughtered at 13 weeks of age. Remaining pigs were slaughtered 
at 24 weeks of age. Prior to slaughter at 24 weeks, 3 pigs per pen were selected at 
random  (therefore  12  pigs  per  treatment)  and  identified  as  sub-sample  pigs  for 
subsequent carcass and meat quality analysis. 
 
4.3.2.2 Animals, housing and diet 
One hundred and sixty female pigs (Large White X Landrace) 5.5 ±0.08 kg LW were 
obtained at weaning and allocated to treatments as described in Chapter 4.2.2.2. At 13 
weeks of age all groups of pigs moved to new pens. 
 
Pigs were weighed weekly and the total amount of feed allocated per pen was recorded 
over the experimental period.  
 
4.3.2.2.1 Conventional and deep-litter housing  
Groups of pigs in the CC and CD treatments were randomly allocated to customised 
weaner pens within the conventional grower-finisher facility. The pens are described in 
detail in Chapter 4.2.2.2.1. Pigs were moved into grower-finisher pens at eight weeks of 
age as previously described (Chapter 4.2.2.2.1).  
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The groups of DD and DC pigs were randomly allocated to the DL housing pens at 
weaning (described in Chapter 4.2.2.2.2). The DL pens were thickly bedded with barley 
straw, and fresh straw was added as required to maintain a dry lying area for all pigs. 
 
4.3.2.2.2 Feeding 
Pigs  were  phase-fed  seven  commercial  diets  (Table  4.2),  following  a  feed  budget 
described in Chapter 4.2.2.2.3. Cool, fresh water was available ad libitum to all pigs. 
 
4.3.2.3 Slaughter  
All pigs were slaughtered at a commercial abattoir as described in Chapter 2.3. After 
slaughter,  viscera  was  collected  from  sub-sample  pigs,  separated  into  various 
components  (described  in  Chapter  2.4.2),  cleaned,  patted  dry  with  paper  towel  and 
weighed. The flare fat was collected and weighed.  
 
4.3.2.4 Carcass assessment 
Carcass weight (AUSMEAT Trim 13; head off, flare off, fore-trotters off, hind trotters 
on) and backfat depth at the P2 site (65 mm from the dorsal midline at the point of the 
last  rib)  for  was  collected  by  abattoir  staff  for  all  pigs.  Backfat  at  the  P2  site  was 
measured using a Hennessy Grading Probe (4), prior to entry into the chiller. 
 
Twenty-four hours after slaughter, the right side of each carcass from the sub-sample 
pigs  was  divided  into  primal  cuts  (shoulder,  loin,  belly  and  ham)  as  described 
previously in Chapter 2.4.2, the cuts were weighed, placed in plastic bags, boxed and 
frozen until required for compositional analyses. Dual x-ray absorptiometry (DXA) was 
used to determine the ratio of fat, lean and bone, in the individual primals and total 
carcass side (Suster et al., 2003) as described in Chapter 2.6. A section of l. dorsi (about 
1 kg) was removed from the left side of the carcass, in a posterior direction from the 
point of the last rib for objective pork quality assessment. 
 
4.3.2.5 Objective Pork Quality 
The percentage of IMF within the l. dorsi, in line with the last rib, was determined as 
described  in  Chapter  2.6.1.  Objective  pork  quality  was  assessed  following  the 
methodology outlined in Chapter 2.7.  
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4.3.2.6 Statistical analyses 
The  one-way  ANOVA  procedure  (Genstat  ©  2005,  8th  edition,  Lawes  Agricultural 
Trust) was used to analyse treatment data from the early growth period, 3 to 13 weeks 
of age, as there was only an effect of C or DL housing at this time. Data from the late 
growth  period,  13  to  24  weeks  of  age,  were  analysed  using  the  two-way  ANOVA 
procedure (Genstat © 2005, 8th edition, Lawes Agricultural Trust) to determine if there 
were effects of the interaction between early and late housing treatments. For growth 
performance data, pens were considered as the experimental unit, whereas for carcass 
composition data the individual pigs were considered as the experimental unit. Effects 
were considered significant if P≤0.05. If the P-value lay between P>0.05 and ≤0.100 
then the effects were considered as trends. The relationships between P2 depth and belly 
composition  and  total  carcass  composition  analysed  by  simple  linear  regression, 
grouped by age. Regression analyses were also performed between the biochemical data 
reported in 4.2.3 and the growth and carcass data to examine the associations between 
the data.   
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4.3.3 RESULTS  
 
4.3.3.1 Growth performance 
The average LW of pigs allocated at three weeks of age was 5.5 ±0.08 kg LW. During 
the early growth period there was little difference in LW between pigs housed in the DL 
and  C  housing  systems.  At  12  weeks  of  age  however  pigs  in  the  DL  system  were 
significantly heavier than pigs housed in the C system (P≤0.05) (Figure 4.1). At 13 
weeks pigs were moved into new pens and immediately following the housing switch 
there was a significant interaction between housing systems (P≤0.01), where pigs that 
had moved into the alternate type of housing, that is CD and DC pigs, had lower LW 
compared to CC and DD pigs which had remained within the same housing system. 
This difference remained evident through to slaughter (P≤0.05).  
 
Pigs in the DL treatment had higher ADG than C pigs between 3 to 13 weeks of age 
(P≤0.05).  Between  13  and  24  weeks  of  age  the  interaction  between  early  and  late 
housing affected ADG where pigs in the CD treatment grew more slowly than pigs in 
the  DD  treatment  (P≤0.05).  The  ADG  of  pigs  in  the  DC  and  DD  groups  was 
intermediate (Table 4.15). Food intake of individual pigs could not be measured as pigs 
were group-housed, therefore average daily food intake was calculated using the total 
weight of food allocated per pen. During the 3-13 week growth period pigs housed on 
DL had a higher apparent food intake than those in the C housing (P≤0.001). During 
this time DL pigs were less efficient as indicated by the significantly higher calculated 
FCR (P≤0.01). Between 13-24 week growth period there was an effect of early and late 
housing treatments on the apparent VFI and the FCR (P≤0.05). Pigs in the CD treatment 
consumed the least amount of food per day and pigs in the CC treatment consumed the 
most (P≤0.001). Pigs in the DC group had a lower apparent VFI than CC pigs but had a 
higher intake than pigs in the DD treatment group. Significantly lower FCR for CD pigs 
indicated  that  they  were  more  efficient  than  DC  pigs  (P≤0.05).  For  the  entire 
experimental period (3-24 weeks) apparent VFI was highest in DC pigs, intermediate in 
CC and DD pigs and lowest in CD pigs (P≤0.001). There was an effect of housing 
during the late growth period on total feed conversion where pigs finished in the DL 
housing system had lower FCR and were therefore more efficient than pigs in the DC 
group (P≤0.05). The FCR of the CD pigs was also significantly lower than that for CC 
pigs.  
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Figure 4.1 Weekly live weight (kg) for pigs raised under different housing treatments from 3 to 24 weeks of age (n=4). 
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 3-13 
weeks, conventional housing 13-24 weeks. P≤0.01: **; P≤0.05: *.  
 Analysed by one-way ANOVA 3-13 weeks of age; Analysed by two way ANOVA 14-24 weeks of age, pen as experimental unit 
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Table 4.15 Apparent voluntary food intake (VFI) and calculated feed conversion ratio (FCR) during the experimental periods for pigs raised under 
different housing treatments. (3-13 weeks n=8; 13-24 weeks n=4).   
Age  Treatment    P-value 
(weeks)  C  DL  SEM  Early
1  Late
2  Early*Late 
3-13
#                 
ADG (kg/day)  582  613  11.0  *  -  - 
VFI (kg/pig/day)  1.18
  1.36
  0.004  ***  -  - 
FCR (kg food/kg gain)  2.08
  2.26
  0.041  **  -  - 
 
               
  CC
  CD
  DC
  DD
         
13-24
^                 
ADG (kg/day)  945
b  899
ab  886
a  914
ab  18.5  n.s  n.s  * 
VFI (kg/pig/day)  3.08
d  2.68
a  2.92
c  2.85
b  0.014  *  ***  *** 
FCR (kg food/kg gain)  3.30
bc  3.02
a  3.46
c  3.19
ab  0.080  *  ***  n.s 
 
               
3-24
^                 
ADG (kg/day)  755  724  750  765  15.7  n.s  n.s  n.s 
VFI (kg/pig/day)  2.12
b  1.94
a  2.17
c  2.11
b  0.007  ***  ***  *** 
FCR (kg food/kg gain)  2.87
ab  2.72
a  2.95
b  2.79
ab  0.069  n.s  *  n.s 
a,b rows with different superscripts indicate significant difference as indicated by LSD at 5%.  
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks.  
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
SEM: pooled standard error of mean 
#Analysed by one-way ANOVA; 
^Analysed by two way ANOVA, pen as experimental unit  
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The food intake of individual pigs could not be measured as pigs were group-housed, 
therefore  average  daily  food  intake  was  calculated  using  the  total  weight  of  food 
allocated  per  pen  without  adjustment  for  wastage.  There  were  significant  treatment 
differences during the early growth period (P≤0.001) where pigs housed on DL had a 
higher apparent food intake than those in the C housing (Table 4.15). The calculated 
FCR  was  significantly  higher  in  DL-housed  pigs  during  the  early  growth  period 
(P≤0.01). There was an effect of the early and late housing treatments on the apparent 
food intake and the FCR of pigs over the 13-24 week growth period and for the entire 
experimental period (3-24 weeks). Pigs in the CD treatment consumed the least amount 
of food per day and pigs in the CC treatment consumed the most (P≤0.001) during the 
13-24 week growth period. Pigs in the DC group had a lower apparent VFI than CC 
pigs but had a higher intake than pigs in the DD treatment group. CD pigs had the 
lowest FCR during the 13-24 week growth period while DC pigs highest FCR (P≤0.05). 
For the entire experimental period apparent VFI was highest in DC pigs, the VFI of CC 
and  DD  pigs  was  intermediate  and  CD  pigs  consumed  the  least  amount  of  feed 
(P≤0.001). There was an effect of housing during the late growth period on total feed 
conversion where pigs finished in the DL housing system had lower FCR and were 
more efficient than pigs in the DC group (P≤0.05). The FCR of the CD pigs was also 
significantly lower than that of the CC group. 
 
4.3.3.2 Slaughter data  
4.3.3.2.1 Thirteen weeks of age 
At 13 weeks of age pigs had been housed in either C or DL systems, therefore the data 
from CC and CD pigs were combined and analysed as conventional (C) and data from 
the DD and DC groups were combined and analysed as deep-litter (DL). There was no 
difference  between  treatments  in  the  average  slaughter  weight  at  13  weeks  of  age 
(P>0.100). P2 thickness was lower (P≤0.05) and there was a trend for CW to be higher 
(P=0.076) and in DL pigs. Similarity between treatments for live weight at slaughter 
and differences in CW resulted in a significantly higher dressing percentage for DL pigs 
(P≤0.01) (Table 4.16). 
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Table 4.16 Carcass data for pigs at 13 weeks of age raised in conventional (C) or deep-
litter (DL) housing systems (n=16). 
  Treatment     
  C  DL  SEM  P 
Live weight  (kg)  47.9  50.4  1.68  n.s 
Carcass weight (kg)  29.1  32.1  1.12  † 
Dressing (%)  60.6  63.6  0.68  ** 
P2 (mm)*  10.7  8.0  0.85  * 
*carcass weight as covariate  
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit. 
 
There were no treatment differences in flare fat or organ weights (P>0.100) with the 
exception of the spleen which was larger in DL pigs (P≤0.05) (Table 4.17). The analysis 
indicated that for most of the components, except for the GI tract and the spleen, LW 
explained a significant amount of the variation (P≤0.05), ranging from 33-59%. 
 
Table 4.17. Average viscera weights (kg)
# for pigs raised in conventional (C) or deep-
litter (DL) housing systems from 3 to 13 weeks of age (n=8). 
  Treatment      
  C  DL  SEM  Significance 
Flare  0.21  0.24  0.019  n.s 
Heart  0.22  0.22  0.006  n.s 
Lungs  0.57  0.58  0.029  n.s 
Kidneys  0.22  0.21  0.010  n.s 
Liver  1.12  1.08  0.029  n.s 
Spleen  0.08  0.09  0.004  * 
Gastro-intestinal tract  2.35  2.24  0.119  n.s 
Reproductive tract  0.28  0.29  0.001  n.s 
Miscellaneous  0.71  0.65  0.055  n.s 
Total viscera
a  5.54  5.36  0.182  n.s 
#Live weight as covariate 
aTotal weight does not include flare. 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100:†; P>0.100: n.s 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit. 
 
4.3.3.2.2 Twenty four weeks of age 
For the sub-sample pigs (n=12) there was a significant interaction between housing 
during the early and late growth period on LW and CW, where CD and DC pigs were 
lighter at slaughter (P≤0.001) and therefore had a lighter CW (P≤0.05) compared to CC 
and DD pigs (Table 4.18). There was no effect of treatment on dressing percentage 
(P>0.100). P2 backfat depth, adjusted for CW, of pigs from the DD treatment was 3 mm 
larger  than  pigs  from  the  other  treatment  groups,  however  this  was  not  significant 
(P>0.100) because variation within the treatments was high (CV=32%).   
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Analyses of variance indicated that there was a significant effect of housing during the 
early growth period on the weight of the GI and reproductive tracts (Table 4.19). Pigs 
that started on DL, that is DD and DC pigs, had lighter GI tracts (P≤0.05) and heavier 
reproductive tracts (P≤0.05) compared to pigs that started in the C housing system. Pigs 
housed in the DL system during the late growth period had heavier lungs and hearts 
(P≤0.05) and a trend for lower liver weights (P=0.074) compared to pigs finished in the 
C housing system. There was a trend for interaction between early and late housing to 
affect the weight of flare fat, where pigs that had not changed housing systems (CC and 
DD pigs) had higher flare weights (P=0.87).  
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Table 4.18 Carcass data for pigs raised under different housing treatments from 3-24 weeks of age (n=12
#). 
  Treatment    P-value 
  CC  CD  DC  DD  SEM  Early
1  Late
2  Early*Late 
Live weight  (kg)  123.3
b  117.2
a  117.0
a  122.9
b  1.77  n.s  n.s  *** 
Carcass weight (kg)  84.5
ab  82.2
a  81.0
a  85.3
b  1.26  n.s  n.s  * 
Dressing (%)  68.6  70.2  69.3  69.5  0.71  n.s  n.s  n.s 
P2 (mm)^  19.2  18.8  18.8  21.7  1.85  n.s  n.s  n.s 
#Sub-sample pigs 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%  
^carcass weight as covariate  
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks  
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100:†; P>0.100: n.s 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as experimental unit.  
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Table 4.19 Viscera weights (kg)
# for pigs raised under different housing treatments from 3-24 weeks of age (n=12). 
  Treatment  SEM  P-value 
  CC  CD  DC  DD  Early*Late  Early
1  Late
2  Early*Late 
Flare  1.71  1.38  1.38  1.63  0.155  n.s  n.s  † 
Lungs  0.96
b  1.00
c  0.87
a  0.97
bc  0.040  †  *  n.s 
Heart  0.35
a  0.38
b  0.35
a  0.38
b  0.012  n.s  *  n.s 
Liver  2.01
  1.92
  1.94
  1.86
  0.048  n.s  †  n.s 
Kidneys  0.35  0.36  0.34  0.34  0.015  n.s  n.s  n.s 
Spleen  0.15  0.16  0.15  0.15  0.009  n.s  n.s  n.s 
Gastro-intestinal tract   4.53
b  4.49
b  4.33
a  4.28
a  0.106  *  n.s  n.s 
Reproductive tract  0.85
a  0.99
b  1.06
b  1.10
b  0.064  *  n.s  n.s 
Miscellaneous  1.71  1.81  1.85  1.75  0.106  n.s  n.s  n.s 
Total weight^  10.76  11.04  10.87  10.37  0.266  n.s  n.s  n.s 
#Live  weight as covariate.  
^total weight does not include flare. 
 a,b,cdifferent superscripts within rows indicate significant difference, LSD 5%.  
 CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks.
  
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100:†; P>0.100: n.s 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as experimental unit. 
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4.3.3.3 Carcass composition 
4.3.3.3.1  Thirteen weeks of age 
At 13 weeks of age the fat:lean ratio of the carcass primals and therefore the carcass 
from C and DL housed pigs was similar (P>0.100) with the exception of the loin primal. 
The  ratio  of  fat  was  significantly  higher  in  the  loins  of  pigs  from  the  C  housing 
treatment  (P≤0.05)  (Table  4.20).  Live  weight  explained  a  significant  amount  of  the 
variation in the ratio of fat:lean in the carcass side and for most of the primals (≤0.05), 
ranging form 15-31%, with the exception of the belly primal (P>0.100). 
 
Table 4.20 The average fat to lean ratio
#, as determined by dual X-ray absorptiometry, 
of the carcass side and quarter primals of 13 week-old female pigs grow in conventional 
(C) or deep-litter (DL) housing systems (n=8). 
  C  DL  SEM  Significance 
Total side  0.14  0.11  0.012  n.s 
Shoulder  0.10  0.10  0.008  n.s 
Loin  0.17  0.11  0.021  * 
Belly  0.20  0.19  0.019  n.s 
Ham  0.10  0.08  0.006  n.s 
#Live weight as covariate in analyses 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s.  
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit. 
 
At 13 weeks of age there was no effect of housing treatment on percent fat, lean and 
bone in the carcass (P>0.100). There was also no effect of treatment on the composition 
of the belly and ham primals (P>0.100). The shoulder primal from C-housed pigs had a 
small but significant increase in percent bone compared to DL-housed pigs (P≤0.05). 
Percent fat in the loin primal of C-housed pigs was on average 3.3% higher than for DL 
pigs (P≤0.05), and therefore there was a trend for percent lean to be lower in the loin of 
C-housed pigs (P≤0.077). There was no effect of housing on the percentage of IMF in 
the l. dorsi (P>0.100) (Table 4.21). 
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Table 4.21 The percentage
# of fat, lean and bone, as determined by dual energy X-ray 
absorptiometry, for the carcass and quarter primals, and percent intramuscular fat in the 
longissimus  dorsi,  for  pigs  housed  conventionally  (C)  or  on  deep-litter  (DL)  and 
slaughtered at 13 weeks of age (n=8). 
    C  DL  SEM  Significance 
Total side  % Fat  9.9  8.4  0.73  n.s 
  % Lean  74.0  75.2  0.73  n.s 
  %Bone  17.2  17.0  0.23  n.s 
           
Shoulder  % Fat  7.4  7.0  0.55  n.s 
  % Lean  72.2  73.0  0.62  n.s 
  %Bone  20.4  19.9  0.16  * 
           
Loin  % Fat  11.6  8.3  1.14  * 
  % Lean  70.3  73.2  1.15  † 
  %Bone  18.1  18.5  0.28  n.s 
           
Belly  % Fat  16.0  15.3  1.20  n.s 
  % Lean  82.5  82.6  1.71  n.s 
  %Bone  1.5  2.1  1.13  n.s 
           
Ham  % Fat  7.5  6.5  0.43  n.s 
  % Lean  76.3  77.3  0.54  n.s 
  %Bone  16.2  16.2  0.19  n.s 
           
Percent intramuscular fat in the longissimus dorsi^   
%IMF^
#    1.14  1.07  0.088  n.s 
^%IMF determined by solvent extraction 
P≤0.05: *; P≤0.100: †; P>0.100: n.s.  
#Live weight as covariate in analyses 
SEM: pooled standard error of mean 
Analysed by one-way ANOVA, pig as experimental unit. 
 
4.3.3.3.2 Twenty four weeks of age 
The ratios of fat to lean in the carcass side and primals, adjusted for live weight, were 
not effected by housing during the early growth period (P>0.100). There was an effect 
of housing on the ratio of fat within the carcass and primals during the late growth 
period. For the carcass side, pigs finished in the C housing system had a higher ratio of 
fat compared to pigs finished in the DL housing system (P≤0.05). This was because the 
ratio of fat was higher in the shoulder and belly primals of CC and DC pigs (P≤0.05). 
There was no interaction between early and late housing on the fat:lean ratio of the 
carcasses (P>0.100) (Table 4.22). 
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Table 4.22 The average fat to lean ratio
#, as determined by dual energy X-ray absorptiometry, for the carcass side and quarter primals of female pigs 
raised under different housing treatments from 3-24 weeks of age (n=12). 
  Treatment    P-value 
  CC  CD  DC  DD  SEM  Early
1  Late
2  Early*Late 
Total side  0.49
c  0.36
a  0.46
bc  0.40
ab  0.048  n.s  *  n.s 
Shoulder  0.28
b  0.23
a  0.29
b  0.25
ab  0.021  n.s  *  n.s 
Loin  0.75  0.58  0.66  0.62  0.079  n.s  n.s  n.s 
Belly  0.64
c  0.48
a  0.60
bc  0.51
ab  0.076  n.s  *  n.s 
Ham  0.29  0.23  0.27  0.26  0.024  n.s  n.s  n.s 
#  Live weight as covariate in analyses 
a,b,cdifferent superscripts within rows indicate significant difference, LSD 5%.   
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks.
 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100:†; P>0.100: n.s 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as experimental unit.  
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There was a significant effect of housing during the late growing period on the percent 
fat, lean and bone of the carcass side, shoulder, belly and ham primals (Table 4.23). For 
the carcass side there was a strong trend for pigs that were finished in the conventional 
housing system, to have a higher percentage of fat (P=0.056) and a significantly lower 
percentage of bone in the carcass side (P≤0.01). In the shoulder primal, C-finished pigs 
had a higher percentage of fat (P≤0.05), a lower percentage of bone (P≤0.05) compared 
to pigs finished in the DL housing system. Similarly, percent bone was higher in the 
belly (P≤0.01) and ham primals of DD and CD pigs. The belly of DD and CD pigs had a 
lower  percent  fat  (P≤0.05)  and  higher  percent  lean  (P≤0.05)  than  the  belly  of  pigs 
finished in the C system, particularly CC pigs. There were no treatment effects (P>0.10) 
on the percent IMF in the l. dorsi, where levels were between 1.76 and 2.16%. There 
was no interaction of housing types during the early and late growth period on carcass 
composition (P>0.100).  
 
4.3.3.4 Objective pork quality 
There was an effect of housing type during the early growth period on several of the 
objective pork quality measurements. Pork from pigs that were housed in the C system 
during the early growing period had significantly lower shear force values (P≤0.01), 
lower pH (P≤0.01), higher relative lightness (L*) values (P≤0.05) and higher relative 
redness (b*) values (P≤0.05) compared to pigs started in the DL housing system. There 
was no housing effect during the late growth period on meat quality (P>0.100), and 
there  was  no  interaction  between  housing  during  the  early  and  late  growth  periods 
(P>0.100) (Table 4.24).  
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Table 4.23 Carcass composition
#, as determined by dual energy X-ray absorptiometry, expressed as percent fat, lean and bone, for the carcass side 
and quarter primals of female pigs raised under different housing treatments from 3-24 weeks of age (n=12). 
  Treatment    Significance 
  CC  CD  DC  DD  SEM  Early
1  Late
2  Early*Late 
Total side                 
Fat %  26.7  21.5  25.5  23.7  1.87  n.s  †  n.s 
Lean %  57.3  61.7  58.8  59.8  1.70  n.s  n.s  n.s 
Bone %  16.0
a  16.8
b  15.7
a  16.5
b  0.25  n.s  **  n.s 
                 
Shoulder                 
Fat %  17.0
b  14.7
a  17.6
b  15.9
ab  1.00  n.s  *  n.s 
Lean %  63.2  65.3  62.8  64.1  0.92  n.s  †  n.s 
Bone %  19.9
b  20.0
b  19.5
a  20.0
b  0.16  n.s  *  n.s 
                 
Loin                 
Fat %  33.9  28.5  31.5  31.1  2.33  n.s  n.s  n.s 
Lean %  47.7  53.0  51.1  50.7  2.11  n.s  n.s  n.s 
Bone %  18.4  18.5  17.4  18.2  0.40  n.s  n.s  n.s 
                 
Belly                 
Fat %  34.4
c  28.3
a  32.3
bc  30.4
ab  1.81  n.s  *  n.s 
Lean %  56.3
a  61.9
c  58.1
ab  60
bc  1.70  n.s  *  n.s 
Bone %  9.3
a  9.7
c  9.4
ab  9.5
bc  0.10  n.s  **  n.s 
                 
Ham                 
Fat %  18.7  15.7  17.7  17.1  1.24  n.s  n.s  n.s 
Lean %  65.9  68.5  67.1  67.2  1.24  n.s  n.s  n.s 
Bone %  15.3
a  15.8
b  15.1
a  15.7
b  0.17  n.s  **  n.s 
                 
Intramuscular fat percentage of Longissimus dorsi           
% IMF^
#  1.74  2.17  1.87  1.93  0.344  n.s  n.s  n.s 
a,b,cdifferent superscripts within rows indicate significant difference, LSD 5%. P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100:†; P>0.100: n.s. SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as experimental unit. 
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 3-13 
weeks, conventional housing 13-24 weeks. 
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age. 
 ^ IMF% determined by solvent extraction.  
#Live weight as covariate in analyses.   
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Table 4.24 Effect of housing treatment on objective pork quality of the Longissimus dorsi from pigs aged 24 weeks (n=12). 
    Treatment    P-value 
    CC  CD  DC  DD  SEM  Early
1  Late
2  Early*Late 
WB Shear Force (kg)    5.05
a  4.82
a  6.38
b  6.86
b  0.531  **  n.s  n.s 
Colour  L*  51.1
b  52.2
c  50.6
b  49.3
a  0.54  *  n.s  n.s 
  a*  5.50  5.30  5.44  5.01  0.277  n.s  n.s  n.s 
  b*  4.02
b  3.93
ab  3.69
ab  3.28
a  0.242  *  n.s  n.s 
pHµ    5.49
ab  5.45
a  5.52
bc  5.56
c  0.025  **  n.s  n.s 
Drip loss (%)    2.9  3.5  2.7  3.1  0.33  n.s  n.s  n.s 
Cook loss (%)    29.6  30.0  29.8  29.1  0.40  n.s  n.s  n.s 
a,b,cdifferent superscripts within rows indicate significant difference, LSD 5%.   
CC = conventional housing 3-24 weeks; DD = deep-litter housing 3-24 weeks; CD = conventional housing 3-13 weeks’ deep-litter housing 13-24 weeks; DC = deep-litter housing 
3-13 weeks, conventional housing 13-24 weeks.  
1Early = growth period from 3 to 13 weeks of age. 
2 Late = growth period from 13 to 24 weeks of age.  
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100:†; P>0.100: n.s.  
SEM: pooled standard error of mean 
Data analysed by two-way ANOVA, pig as experimental unit.  
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4.3.3.5 Relationships between the carcass data 
The  linear  regression  analyses  showed  that  P2  was  a  good  indicator  of  carcass  fat 
percentage and the composition of the belly primal, explaining 65% and 52% of the 
variance  respectively  (Table  4.25).  Intramuscular  fat  was  not  related  to  carcass 
composition. 
  
Table 4.25 Simple linear regressions relating the carcass composition to P2 backfat 
depth in pigs raised in conventional and/or deep-litter housing.  
  Response 
variate  Intercept  Regression 
co-efficient  s.e.*  R
2 
Carcass  %fat  3.89  0.579  5.33  0.65 
Belly  %fat  11.1  0.518  6.01  0.60 
*s.e. Standard error of the observations 
 
4.3.3.6 Relationships between biochemical data and carcass data 
Linear  regression  analysis  showed  that  the  measured  activities  of  ACoACBX  and 
G6PDH  explained  about  50-60%  of  the  variance  in  carcass  and  belly  primal 
composition. Similarly the FA profile of belly fat explained about 50% of the variance 
in carcass and belly primal composition (Table 4.26).  
 
Table 4.26 Simple linear regressions relating the biochemical measures of belly fat and 
backfat tissue to carcass composition in pigs raised in conventional and/or deep-litter 
housing. 
Explanatory 
variate 
Response 
variate  Intercept  Regression co-
efficient  s.e.*  R
2 
ACoACBX activity 
(backfat) 
% fat 
(carcass)  9.68  -0.046  5.99  0.58 
G6PDH activity 
(backfat) 
% fat 
(carcass)  18.41  -269  5.95  0.57 
ACoACBX activity 
(belly) 
% fat 
(carcass)  5.88  0.258  5.86  0.59 
G6PDH activity 
(belly) 
% fat 
(carcass)  -0.011  346  5.98  0.57 
ACoACBX activity 
(belly)  % fat (belly)  15.31  0.072  6.48  0.53 
G6PDH activity 
(belly)  %fat (belly)  12.0  155  6.48  0.53 
SFA:UFA (belly)  %fat (belly)  51.1  45.94  6.44  0.54 
SFA:UFA (belly)  % fat 
(carcass)  8.25  1.80  5.93  0.56 
G6PDH:  Glucose-6-phosphate  dehydrogenase;  ACoACBX:  Acetyl-CoA  carboxylase;  SFA:UFA: 
proportion of saturated fatty acids to unsaturated fatty acids. 
*s.e. Standard error of the observations 
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4.3.4 Discussion 
 
4.3.4.1 Growth performance 
During the early growing period, from three to 13 weeks of age, the apparent VFI of DL 
housed pigs was significantly higher, but ADG was similar hence, the apparent FCR of 
DL pigs was inferior to that of C pigs. Chapter 3 also reported DL pigs to have inferior 
performance  to  C  pigs  during  the  early  growth  period,  however  for  that  study  the 
reduced FCR was due to lower LW gain. These findings support in part the general 
industry view that pigs weaned into DL housing systems perform better (Payne, 2004; 
Pope, 2001), however the feed conversion efficiency was poorer in DL pigs compared 
to C pigs. In support of the results found in the current study, Larson and Honeyman 
(2001) found that regardless of season, pigs weaned into C facilities grew faster and 
consumed more feed than pigs weaned into DL housing during the first two weeks post-
weaning, after which growth rates and VFI became similar. The authors concluded that 
the  first  two  weeks  post-weaning  proved  to  be  very  critical  in  getting  the  pigs 
acclimatised to the DL environment.  
 
Piglets  experience  a  significant  growth  check  at  weaning  in  response  to  the  stress 
associated with leaving the sow, entering a new physical and social environment and the 
dramatic change in diet from milk to solid feed.  Payne and Pluske (2004) and Cox and 
Cooper (2001) reported that piglets born outdoors suffered less of a growth check than 
their indoor born counterparts at weaning, and concluded that the piglet’s pre-weaning 
experiences were important factors in determining their ability to adapt to the post-
weaning  environment.  In  the  current  study  and  the  study  of  Larson  and  Honeyman 
(2001), it is likely that the vast change in the piglet’s physical environment, from the 
climate controlled conventional farrowing room to the naturally ventilated DL housing 
system, resulted in more stress and hence an increased growth check, and therefore a 
reduction in overall growth performance, compared to pigs weaned into the C housing 
facilities.   
 
Changing the housing system at 13 weeks of age had a negative impact on growth, 
supporting the hypothesis that moving pigs into an unfamiliar environment would result 
in a growth check. Initially after the housing change, ADG was lower in pigs that had 
entered  the  new,  and  unfamiliar,  housing  system.  Pigs  that  moved  from  C  to  DL 
housing (CD pigs) had the most severe growth check with a significant reduction in  
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apparent VFI and ADG and the effect remained evident at slaughter with these pigs 
having the lowest LW at 24 weeks of age. Moving pigs from C to DL housing during 
the grower period is not a strategy that is commonly used and even though there was a 
trend for CD pigs to be more efficient compared to pigs in the other treatment groups, 
the benefit was outweighed by the difference in LW, which at 24 weeks of age was up 
to 6.5 kg less. The results also lend support to the conclusions drawn from the post-
weaning  performance  data,  where  weaned  pigs  from  C  farrowing  facilities  found  it 
more difficult to adapt to the DL environment than to the C environment.  
  
Pigs in the DC treatment also experienced a growth check, with lower ADG during the 
first few weeks after entering the C housing. For the late growth period, between 13 and 
24 weeks of age, there was a trend however for the apparent VFI of DC pigs to be 
higher than the other treatment groups and ADG to be similar to CC and DD pigs. The 
recovery  of  VFI  and  ADG  levels  was  indicative  of  a  compensatory  response.  A 
compensatory response to a previous period of restrictions is characterised by elevated 
rates  of  gain  and  improved  FCR  compared  to  animals  that  have  not  experienced  a 
restriction (Campbell et al., 1983; Whang et al., 2003). Compensatory responses can be 
complete or partial (Bohman, 1955; Donker et al., 1986; Crister et al., 1995; Bikker et 
al., 1996a). The trend for DC pigs to be the least efficient indicates that the response 
may  have  been  partial  as  there  was  an  increase  in  apparent  VFI  and  ADG,  but  no 
improvement in the efficiency of gain. Alternately, there may have been a complete 
compensatory  response,  however  because  apparent  VFI  remained  high,  the  rate  of 
protein deposition may have declined after the initial recovery period and fat deposition 
may have increased (Hornick et al., 2000). Carcass results, discussed later (Chapter 
4.3.4.3), support this view as carcasses from pigs in the DC treatment  group had a 
higher ratio of fat to lean compared to carcasses of pigs from the CD treatment group. 
Live weight at slaughter was lower for DC pigs compared to pigs from the CC and DD 
treatments which did not experience a significant growth check. This indicates that even 
though  there  had  been  a  compensatory  growth  response,  and  food  intake  and  ADG 
returned to normal levels, the pigs were not able to “catch-up” in terms of weight gain. 
The magnitude of the compensatory response is determined by the age of the animals 
undergoing the restriction (Bohman, 1955), the severity and duration of the restriction 
(Hornick et al., 2000) and the quality and quantity of the recovery diet (Campbell et al., 
1984; Crister et al., 1995). The differences between the severity and duration of the  
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growth  checks  experienced  by  DC  and  CD  pigs  when  moving  into  the  unfamiliar 
housing environment would explain the differences in growth and carcass results.  
 
4.3.4.2 Slaughter data 
Organ weights did not differ between C- and DL-housed pigs at 13 weeks of age, with 
the exception of the spleen which was larger in DL pigs. The spleen participates in 
immune  function  and  acts  as  a  filter  against  foreign  organisms  in  the  blood  and  to 
remove expired red blood cells. The increased size of the spleen may indicate that the 
immune system of the DL pigs was challenged to a greater extent compared to that of 
the C pigs. The increased immune response of DL pigs was a reflection of the different 
housing environments and was likely to have been of no consequence to the health 
status of the animals.  
 
Air quality differs between C and DL housing systems. The concentration of aerial dust, 
viable  bacteria  and  endotoxins  are  considerably  higher  in  DL  housing  systems 
compared to the concrete-floored C housing systems (Black, 2003). At 24 weeks of age 
there were no differences in spleen size between treatment groups, indicating that the 
possible  differences  in  immune  status  did  not  continue  during  growth.  The  results 
reported earlier in Chapter 3.3.3 support the data from the current study as spleen size 
was larger in DL-housed pigs, however the percentage difference between C- and DL-
housed pigs was less in 24-week-old pigs (3%) compared to younger pigs (21% at 10 
weeks of age; 14% at 13 weeks of age and 31% at 16 weeks of age).  
 
The larger heart size in 24-week-old pigs finished in the DL housing system (DD and 
CD pigs) was likely to be the result of differences in temperature range between the C 
and DL housing systems. Pigs housed in cool environments have larger organ sizes, 
including the heart, relative to total body weight (Nienaber et al., 1987; Lefaucher et al., 
1991). Increased organ size is often related to an increase in appetite and therefore food 
intake, which is characteristic of pigs housed in cool conditions (Le Dividich et al., 
1998), however the apparent VFI of pigs in the CD group was the lowest. When animals 
have been subjected to a period of restricted growth, as was experienced by the CD 
pigs, organ weight increases rapidly during the re-feeding period (Owens et al., 1993; 
Bikker  et  al.,  1996a;  Bikker  et  al.,  1996b)  and  therefore  contributes  to  a  greater 
proportion of total  LW. The residual effects of compensatory  growth  on organ size 
relative to LW may have still been evident at 24 weeks of age in the CD pigs. Deep- 
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litter housed pigs are more physically active than C-housed pigs (Morrison et al., 2003, 
and  the  difference  in  the  level  of  exercise  may  have  contributed  to  the  increase  in 
weight of the cardiovascular organs, heart and lungs, although exercise does not affect 
the size of the heart and lungs in growing pigs (Hale et al., 1986). Guinea pigs and rats 
that have been exposed to airborne irritants for extended periods of time have been 
found  to  have  heavier  lung  weights  compared  to  littermates  raised  in  ‘clean-air’ 
environments (Castranova et al., 1996; Pauluhn et al., 2002), and young pigs challenged 
by the porcine reproductive and respiratory syndrome virus  (PRRSV) had increased 
lung  weight  compared  to  healthy  pigs  (Escobar  et  al.,  2006).  One  of  the  ways  the 
respiratory tract defends itself against dust and microbial challenges is by increasing 
mucus secretion, which can contribute to an increase in lung weight. The corresponding 
higher spleen weights in DL pigs, which was found also by Escobar et al. (2006) in 
PRRSV affected piglets, supports the suggestion that pigs in this housing system had an 
elevated immune response compared to pigs in the C housing system. 
 
 At 24 weeks the GI tracts were heavier in pigs had been started in the C housing system 
compared to those started in the DL system, supporting the data reported in Chapter 
3.3.3 and recent observations from our research group (H. Payne, unpublished) where 
young  pigs  housed  indoors  had  heavier  GI  tracts  than  those  housed  outdoors.  As 
discussed  in  Chapter  3.3.4,  the  reduced  weight  of  the  GI  tract  of  DL  pigs  was  not 
expected and it was concluded that the reduced GI tract weight was likely the result of 
lower energy  and protein availability as indicated by lower  LW  gain in  young DL-
housed pigs. For the current experiment however, there was no difference in LW gain 
until 11 weeks of age, where DL housed pigs were heavier than C housed pigs, and 
therefore the reason for the treatment difference in the weight of the GI tract can not be 
determined. 
 
The reproductive tract was larger in 24-week-old pigs that were started in DL housing. 
Similar results were found in the previous experiment (Chapter 3.3.3). The onset of 
puberty can occur earlier in gilts raised in outdoor production systems compared to gilts 
in C systems (Caton et al., 1986; McCaw, 2000), with photoperiod (Claus and Weiler, 
1985;  Hannesson,  2005)  and  improved  air  quality  (Levis,  1998)  thought  to  be 
contributors. It is thought that either age or body weight are the primary factors for 
initiating the onset of puberty (Close and Cole, 2000), however the results found in the 
current study suggest that factors occurring during the early growth period, that is to 13  
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weeks of age, might contribute to the onset of puberty. In the current study all pigs were 
slaughtered at the same age and CC pigs had lighter reproductive tracts, but were a 
similar LW to DC and DD pigs. 
 
4.3.4.3 Carcass data 
At 13 weeks of age the carcasses of DL pigs had higher dressing percentages and a 
trend for reduced P2 backfat thickness, suggesting that carcasses were leaner compared 
to those from C-housed pigs of the same age. The corresponding carcass composition 
data supported the backfat data because the proportion of fat in the loin primal was 
lower  in  DL-housed  pigs.  The  composition  of  the  total  carcass  side,  though  not 
significantly different, indicated a similar trend where the average proportion of fat was 
lower in the carcasses from DL pigs compared to C pigs. The difference in dressing 
percentage  was  not  explained  by  differences  in  percent  bone  weight  and/or  viscera 
weight,  however  even  though  differences  were  small,  percent  lean  was  consistently 
higher in most of the primals of DL pigs. There is little information available comparing 
the carcass composition of young pigs raised in C or DL housing systems.  
 
By 24 weeks of age the differences in LW between the pigs that had remained within 
the same housing system and the pigs that had moved into a new housing system were 
reflected in CW. There was no effect of housing treatment on dressing percentage and 
P2 depth. Although not significant, the average P2 of DD pigs was 3mm higher than 
pigs from the other treatment groups, suggesting that the carcasses of DD pigs were the 
fattest. The accuracy of P2 as an indicator of carcass fatness in modern genotypes has 
been questioned (Trezona, 2001; D’Souza et al., 2002; Dunshea and D’Souza 2003; 
Suster  et  al.,  2003),  however  in  the  current  study  the  regression  of  P2  data  with 
corresponding carcass composition results do not support this view as percentage of 
variance in carcass composition explained by P2 was high, around 50 to 60%. On the 
other hand, pigs finished in the DL housing system were significantly leaner than pigs 
finished  in  the  C  housing  system,  even  though  there  was  no  significant  treatment 
difference in P2 depth and, numerically, DD pigs had had the thickest backfat.  
 
Overall the CD pigs were the leanest, which was expected as this group had suffered the 
greatest growth check and had the lowest food intake. Unexpectedly, the CC pigs were 
the fattest. The DC pigs had a similar carcass composition to the CC pigs, supporting 
the hypothesis that pigs finished in the same housing system would have similar carcass  
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characteristics regardless of the system into which they were weaned. Furthermore it 
was also hypothesised that pigs from the CC and DC treatment groups would be leaner 
than pigs from the DD treatment group, and this hypothesis was not supported even 
though average P2 depth appeared to be lowest in the DC pigs and highest in DD pigs 
(not  significant).  These  carcass  results  agree  with  a  number  of  studies  comparing 
outdoor reared pigs with C housed pigs (Enfält et al., 1997; Guy et al., 2002; Pugliese et 
al., 2003). In contrast, other studies have reported outdoor and DL pigs to be fatter than 
C housed pigs (Beattie et al., 2000; Gentry et al., 2002a; Gentry et al., 2002b; Guy et 
al., 2002; Lebret et al., 2006) or to be no different between housing systems (Matte, 
1993; Gentry et al., 2004; Millet et al., 2004). Pigs raised in outdoor environments 
during winter are often found to be leaner than their C-housed counterparts (Honeyman 
and  Harmon,  2003;  Bee  et  al.,  2004)  because  the  differences  in  the  thermal 
environments  between  the  housing  systems  result  in  differences  in  the  energy 
requirements of the animal. Alternately, food intake is often reported as being increased 
in outdoor and DL-housed pigs (Lyons et al., 1995; Millet et al., 2004; Lebret et al., 
2006) and this, in combination with reduced feed conversion efficiency, can explain 
increased fatness.  
 
In the current study apparent VFI did not differ between C-finished pigs and DD pigs. 
During the early growth period C-housed pigs were the most efficient, whereas during 
the late growth period there was no significant difference in feed conversion, and for the 
entire wean-to-finish period feed conversion was similar for CC and DD pigs. Therefore 
with similar feed conversion and growth between the C-finished pigs and the DD pigs, 
yet differences in carcass composition, for some reason pigs in the DL housing system 
partitioned  more  energy  towards  lean  deposition  and  less  towards  fat  deposition 
compared to C-finished pigs. Results from the previous study in Chapter 3.3.3 found no 
significant differences in carcass composition between C and DL housed pigs at 24 
weeks of age. The difference between the results of Chapter 3.3.3 and the current study 
is likely to be explained by differences in the seasonal effects of production system on 
the growth performance and carcass quality of growing pigs (Honeyman and Harmon, 
2003), in particular the effects of ambient temperature. The thermal environment affects 
maintenance requirements and appetite of the growing pig (Matte, 1993; Honeyman and 
Harmon, 2003; Trezona et al., 2004). During winter months, pigs raised in outdoor and 
alternative production systems are often leaner than conventionally housed pigs, and can 
have poorer growth performance (Gentry et al., 2002b; Honeyman and Harmon, 2003;  
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Bee et al., 2004; Gentry et al., 2004) as a consequence of elevated maintenance energy 
requirements for thermoregulation (Matte, 1993; Rops et al., 1999a; Bee et al., 2004; 
Gentry et al., 2004; Honeyman, 2005). 
 
The increase in carcass fat in C-finished pigs was not evenly distributed over the entire 
carcass, indicating an effect of housing treatment on carcass fat distribution. There were 
no treatment differences in percentage fat and lean composition of the loin and ham 
primals. Percent fat in the shoulder was highest in DC pigs and lowest in the CD pigs, 
whilst percent fat in the belly primal was highest in the CC pigs and lowest in the CD 
and DD pigs.  
 
Previously it was found that pigs raised on DL had a greater percentage of bone in the 
carcass than pigs raised in C housing (Chapter 3.3.3). In the current study, C-housed 
pigs had a higher percentage of bone in the shoulder compared to DL-housed pigs at 13 
weeks, but this was not reflected in total carcass composition. It was likely that percent 
bone in the shoulder of the DL pigs was lower because lean tissue mass, and therefore 
average lean tissue percent, was higher. Bone is an early developing tissue and as an 
animal ages the development slows, relative to fat and lean tissue growth (Berg and 
Butterfield,  1975).  Pigs  weaned  into  the  DL  housing  system  were  heavier  than  C-
weaned  pigs  at  13  weeks  of  age  and,  because  the  shoulder  is  an  early  developing 
component of the body relative to other sites (McMeekan, 1940), it follows that young 
DL  pigs  had  more  soft  tissue  development  in  the  shoulder  and  therefore  a  lower 
percentage of bone.  
 
At  24  weeks  of  age,  percent  bone  in  the  carcass  was  higher  in  DL-finished  pigs, 
agreeing  with  the  earlier  findings  reported  in  Chapter  3.3.3.  As  in  the  previous 
experiment,  the  increased  bone  in  the  carcass  was  the  result  of  more  bone  in  the 
shoulder and ham primals, however there was also more bone measured in the belly 
primal. For CD pigs the higher percentage of bone may be explained by the reduced 
growth rates that followed the housing change at 13 weeks of age. Slower growth would 
mean that less fat and lean tissue were deposited. Bone is less sensitive to changes in 
nutrition and even though weight loss depletes all tissues, the relative effect on fat is the 
greatest,  followed  by  lean  and  then  bone.  This  was  demonstrated  by  Murphy  et  al. 
(1994) in growing lambs where different feeding regimes altered fat content in carcass 
sides, but lean and bone content remained similar. There was an overall effect of the DL  
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housing system on bone because percent bone was higher in DD pigs also. Pigs in the 
DD group had similar growth rates and LW compared to pigs finished in the C housing 
system. The way in which DL housing may effect bone mass was discussed in Chapter 
3.3.4. In summary, it was concluded that pigs housed in DL systems are more active 
compared to those housed in C systems (Cox and Cooper, 2001; Sargent, 2001) and 
physical activity increases bone density (Price et al., 1995; Petersen et al., 1998a).  
 
Percent IMF in the l. dorsi did not differ significantly between treatments and was not 
correlated  to  any  of  the  carcass  measurements,  which  concurs  with  the  results  of  a 
deposition study reported by D’Souza et al. (2004).  
 
4.3.4.4 Pork quality 
The effects of different production systems on pork quality attributes are highly variable 
and this is likely to be in response to differences in conduct of experiments, that is 
differences in the rearing environments and slaughter environments between studies. A 
large  component  of  pork  quality  is  determined  by  conditions  experienced  by  the 
immediately  pre-slaughter  however  rearing  environments  can  also  influence  pork 
quality. In the current study, the type of housing during the early period of growth, to 13 
weeks of age, affected objective quality measurements in pork from 24-week-old pigs. 
The  environmental  conditions  of  the  production  system  in  which  the  pig  is  reared 
influences pork quality, as does the effect of the environment on individual muscles 
within the carcass (Lebret et al., 2006). Both of these factors vary between studies and 
therefore  the  effects  of  housing  on  pork  quality  reported  between  authors  can  be 
variable. Many studies compare the effect of outdoor housing with C housing on pork 
quality (Enfält et al., 1997; Gentry et al., 2002a; Gentry et al., 2002b; Pugliese et al., 
2003; Stern et al., 2003; Bee et al., 2004; Gentry et al., 2004; Hansen et al., 2006), and 
to date few have compared the effects of DL housing and C housing (Maw et al., 2001; 
Gentry et al., 2002b; Johnston et al., 2006).  
 
Shear force, an indicator of tenderness, was higher in pork from pigs weaned in to the 
DL  housing  system  (DC  and  DD  pigs)  indicating  that  this  pork  was  less  tender 
(Hovenier et al., 1993). These data concur with Johnston et al. (2005) whom also found 
shear force values were higher in DL-housed pigs. When pork from outdoor-reared pigs 
was compared to C-reared pigs the results for tenderness were variable. For example, 
Enfält et al. (1997), Heyer et al. (2004) and Hanson et al. (2006) reported pork from  
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outdoor pigs was less tender, whereas Maw et al. (2001) and Stern et al. (2003) found 
the organic and outdoor production systems produced more tender pork. Gentry et al. 
(2004) found no difference in tenderness between housing systems.  
 
There was no effect of housing treatment on percent drip loss, which agrees with earlier 
findings comparing C housing systems with outdoor (Gentry et al., 2004; Millet et al., 
2004; Hansen et al., 2006) or DL systems (Gentry et al., 2002b). Other reports have 
indicated  higher  percentage  drip  loss  in  pork  from  DL-  (Johnston  et  al.,  2006)  and 
outdoor-reared pigs (Enfält et al., 1997; Nilzén et al., 2001; Bee et al., 2004), although 
Lambooij et al. (2004) and Lebret et al. (2006) found drip loss was lower in outdoor 
compared to C-housed pigs. The enrichment of C housing with straw bedding has also 
shown conflicting effects on drip loss (Klont et al., 2001; Lambooij et al., 2004).  
 
The pHu range for normal pork lies between 5.5 and 6.0 (Lawrie, 1998; Joo et al., 
1995), however the average pHu of pork from the current study ranged between pH 5.4 
to  5.6.  There  was  no  obvious  occurrence  of  the  pork  quality  defect  PSE,  which  is 
associated with low pH values, and the corresponding data for drip loss supported this 
because drip loss in PSE-affected pork can be around 8% or higher (Joo et al., 1995). 
Pork from this experiment could therefore be considered ‘normal’. The pHu of pork 
affects a number of quality factors including WHC (Faustman, 1994), where at low pH 
the muscle protein structure is disrupted, WHC is reduced and therefore percent drip 
loss increases. This can contribute to a reduction in tenderness (van Laack et al., 2001). 
The colour of meat is also affected by pH and at low pH the disrupted structure of the 
muscle protein is more ‘open’ and this scatters light, giving the pork a pale appearance. 
Low  pH  also  increases  the  oxidation  of  the  sarcoplasmic  protein  myoglobin  to 
metmyoglobin, which has low colour intensity (Lawrie, 1998), and therefore meat is 
paler. The pHu of pork from DC and DD pigs was higher than that from pigs in the CC 
and CD treatments. The results for pork colour reflected this difference where pork from 
pigs weaned into the DL housing system was darker, as indicated by lower lightness 
values  (L*),  and  less  yellow  (b*)  compared  to  pork  from  pigs  weaned  into  the  C 
housing system. Outdoor production systems tend to produce darker, redder pork than C 
housing systems (Maw et al., 2001; Stern et al., 2003; Bee et al., 2004; Gentry et al., 
2004; Heyer et al., 2004).  The results from the current study are in agreement with 
Johnston et al. (2005) who found pigs reared in DL housing produced darker pork than  
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pigs reared in C housing, but in contrast with Gentry et al. (2001b) where there was no 
effect of DL housing on pork colour.  
 
Comparisons in pork colour between pigs raised in barren and straw-bedded C housing 
have shown contradictory results, which have varied between different genotypes within 
the same experiment (Lambooij et al. 2004). No effect of bedding on pork colour has 
also been reported (Klont et al., 2001; Peeters et al., 2006). Pork from pigs raised in 
bedded pens tends to have a higher pHu, as found for DD and DC pigs in the current 
experiment, and reduced drip loss (Klont et al., 2001; Lambooij et al., 2004). Different 
levels  of  physical  fitness,  ranging  from  exercise-trained  pigs,  to  pigs  provided  with 
more space and environmental enrichment to encourage increased levels of spontaneous 
activity,  compared  to  low  activity  levels  in  confinement  housing,  have  resulted  in 
minimal differences in pork quality (Enfält et al., 1993; Petersen, 1997; Petersen et al., 
1997; Gentry  et al., 2002a). Petersen  et al. (1997) and Gentry et al.  (2002a) found 
exercise  affected  pH  at  45  minutes  after  slaughter  but  there  was  no  effect  on  pHu, 
indicating that there were differences in the rate of pH decline, which influences pork 
quality. The pork quality results however, differed between studies, but the authors were 
in agreement that exercise reduced the juiciness of cooked pork.  
 
 A large component of meat quality is affected by what occurs just before slaughter and 
the effects on the glycogen store within the muscle. The glycogen store contributes to 
the rate and extent of pH decline in the 24 hours after slaughter. A number of authors 
have reported the glycolytic potential in muscles of pigs raised outdoors was higher 
compared to pigs raised conventionally (Enfält et al., 1997; Bee et al., 2004; Gondret et 
al., 2005; Lebret et al., 2006). Increased levels of exercise (Enfält et al., 1997; Bee et 
al.,  2004)  and  increased  lean  growth  rates  (Karlsson  et  al.,  1993)  contribute  to  the 
higher  glycogen  stores  in  muscles  of  outdoor  pigs,  which  enables  post-mortem 
glycolysis to proceed further and results in a lower pHu (Bendall and Swatland, 1988). 
There is very little data available that compares the glycolytic potential of muscle from 
pigs  raised  in  C  and  DL  housing  and,  as  this  was  not  measured  in  the  current 
experiment, it can only be assumed that the glycolytic potential in the muscles of DL 
pigs lies between that of C- and outdoor-housed pigs. However the pHu of the l. dorsi in 
the current experiment does not reflect this because it was higher for pigs weaned into 
the  DL  system,  when  with  the  previously  mentioned  data  in  mind  pHu  would  be 
expected to be lower.   
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The pork quality  results from the current  experiment suggest that conditions during 
early  growth  can  affect  pork  quality,  as  measurements  indicated  pork  quality  was 
similar for pigs that were housed conventionally between 3-13 weeks of age. Moreover, 
pork quality  was similar for pigs that were housed in the DL system  between 3-13 
weeks  of  age.  Growth  path,  manipulated  through  various  quality  pastures,  has  been 
found to have little effect on meat quality in lambs (Thatcher and Gaunt, 1992) but for 
pigs, Kristensen et al. (2002) found an effect of diet quality on improved tenderness, but 
this was related to elevated compensatory growth rates during the later stages of growth. 
In contrast, the current experiment suggests early growth had an effect on tenderness. 
Karlsson  et  al.  (1993)  found  that  pigs  with  higher  rates  of  lean  tissue  growth  had 
reduced IMF and pork was less tender compared to pork from pigs with lower rates of 
lean gain. Pork from high lean growth pigs was also darker, as indicated by lower light 
reflectance, had increased WHC and the glycolytic potential was higher but there was 
no difference in the proportion of muscle fibre types (Karlsson et al., 1993). Pigs raised 
outdoors have been found to have increased ratios of IIA muscle fibre types and reduced 
IIBX fibres compared to pigs raised conventionally (Gentry et al., 2004; Gondret et al., 
2005), however the effect of differences in the ratios of fibre types on pork quality is 
variable and not well understood (Gentry et al., 2004). Higher growth rates of pigs and 
the trend for higher lean deposition in the loin of pigs housed in the DL system during 
the early growth period (DD and DC) may have contributed to the similarities in pork 
quality between DD and DC pigs and the differences compared to the pigs started in the 
C housing system, CC and CD. 
 
4.3.4.5 Comparison with biochemical data 
The relationships between carcass composition and biochemical data were strong with 
each measure explaining about 50% of the variance in percentage fat in the carcass and 
belly. This differs to the results reported in Chapter 3.3.3.5 where the regressions were 
not significant. The vastly different results found between the two experiments may be 
explained by differences in the number of pigs per slaughter age. The numbers used to 
determine  the  relationships  between  biochemical  and  carcass  measurements  were 
smaller  in  experiment  1a/b  (eight  pigs/treatment)  than  in  experiment  2  a/b  (twelve 
pigs/treatment).  
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4.3.4.6 Conclusions 
During the early growth period DL-housed pigs, though less efficient, grew better than 
C-housed pigs. The results support the view held by industry that weaner pigs perform 
better  immediately  post-weaning  in  DL  housing  systems.  However,  piglet  growth 
immediately  after  weaning  was  similar  between  housing  systems  and  the  improved 
growth of DL-housed pigs only occurred after 10 weeks of age. Moving pigs into a new 
housing  system  caused  a  significant  growth  check,  regardless  of  whether  the  new 
system  was  C  or  DL,  supporting  the  hypothesis  that  change  of  housing  would 
negatively impact growth performance. The growth check remained evident to slaughter 
where pigs had lower LW and therefore CW at 24 weeks of age compared to pigs that 
had remained within the same housing system. Contrary to the perception that pigs 
raised in DL are fatter, these results indicate that pigs raised entirely on DL had lower 
percent  carcass  fat  compared  to  pigs  raised  entirely  in  C  housing.  Furthermore  the 
hypothesis that pigs raised in DL from wean-to-finish would be fatter than C-finished 
pigs was rejected. The hypothesis that fat distribution in the carcass would be similar for 
pigs finished in the same housing system was supported, however it was unexpected 
that the CC and DC pigs would have the highest percentage of fat in the shoulder and 
the belly at 24 weeks of age compared to carcasses from DD and CD pigs.  
 
Linear regression indicated that P2 backfat depth was a reasonably good predictor of 
carcass and belly primal appeared strong. However backfat depth was slightly higher, 
though not significant, in pigs raised in the DL system from wean-to-finish, compared 
to pigs in the other treatments, however the DL finished pigs had significantly less 
carcass fat than pigs finished in the C housing system and therefore suggest that P2 
backfat depth may not always be an accurate indicator of carcass composition.  
 
The findings of this study suggest that moving pigs from DL housing into C housing for 
finishing, to reduce carcass fatness, was not successful as pigs were fatter, lighter and 
less efficient than pigs housed in DL from wean-to-finish. Under the current carcass 
payment system, based on P2 and carcass weight, the strategy would have resulted in a 
payment  disadvantage  for  DC  pigs  compared  to  DD  pigs  as  average  CW  was 
significantly lower.   
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4.4 General Discussion for Experiments 2a and 2b 
There was an effect of housing on growth and fat deposition in young pigs. Pigs weaned 
into the DL housing system grew faster between 3 and 13 weeks of age and, although 
they were less efficient than the pigs weaned into the C housing system there was no 
difference  in  total  carcass  composition.  The  effect  of  housing  on  the  indicators  of 
lipogenesis in 13-week-old pigs  was small but  concentrations of plasma lactate  and 
NEFA suggested the rate of lipogenesis was higher and lipolysis lower in pigs weaned 
into C facilities. Corresponding carcass data indicated a difference in fat distribution 
where C-housed pigs had greater P2 backfat depth and more fat in the loin primal.  
 
There  was  a  negative  effect  of  moving  pigs  into  an  unfamiliar  housing  system  on 
growth performance, supporting the hypothesis, and this remained evident to 24 weeks 
of age where LW was lower and growth efficiency poorer. Pigs in the CD treatment, a 
strategy not used in industry, were the leanest and most efficient, however this was 
offset by the fact that these pigs grew more slowly and were significantly lighter than 
pigs in the other treatments. There was a trend for enzyme activities in belly fat to be 
lower  and  the  concentration  of  plasma  glycerol  was  higher  for  DD  and  CD  pigs, 
compared to CC and DC pigs. The results suggest that the rate of lipogenesis was lower 
and the rate of lipolysis higher in DL-finished pigs, indicating that the accretion of fat 
would have been lower compared to C-finished pigs. The carcass data supported this as 
there was less fat in the carcass side from DL-finished pigs compared to C-finished 
pigs, as a consequence of less fat in the belly and the shoulder primals.  
 
Carcass composition was similar for pigs finished in the same type of housing system 
regardless of the housing system in which they were weaned, however the hypothesis 
that pigs finished in C housing would be leaner than pigs finished in DL housing was 
not supported. Results from current experiment (4.2 and 4.3) found that the strategy of 
moving pigs from DL to C housing to control carcass fat was not successful and in fact 
had a negative impact on performance and carcass by reducing growth performance and 
LW, and increasing carcass fatness. 
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CHAPTER 5 
 
 
Straw as bedding: the effect on growth performance, fat 
accretion and carcass characteristics of growing Large White 
x Landrace female pigs 
  
  220 
5.1 General Introduction to experiment 3a and 3b 
The previous experiments (Chapters 3 and 4) have demonstrated that pigs raised in DL 
systems have differences in fat metabolism, growth performance and tissue distribution 
compared to pigs housed in C systems. Differences exist in the thermal, physical and 
social  environments  between  housing  systems,  and  these  factors  have  most  likely 
contributed to the differences in growth and body composition (as discussed previously 
in the literature review; Chapter 1).  
 
The presence of straw is a major difference between the two housing systems and the 
provision of bedding in DL systems may have a number of effects on fat deposition. 
Firstly,  there  are  differences  in  the  thermal  conductivity  of  concrete  flooring 
(characteristic  of  C  housing)  versus  straw  bedding,  and  this  in  relation  to  ambient 
temperature is likely to affect the energy required to maintain body temperature and 
therefore  alter  the  maintenance  requirements  of  the  pigs,  which  will  influence  the 
energy  available for  growth and fat deposition. Secondly, straw bedding  may affect 
growth and tissue deposition via ingestion. The ingestion of straw bedding, therefore 
increased  fibre  intake,  may  explain  a  significant  amount  of  the  variation  in  the 
composition of pork carcasses from pigs raised in C or DL production systems, because 
the ingestion of fibre alters the availability of energy, protein and other nutrients from 
the diet (Bach Knudson and Hansen, 1991; Wenk, 2001). 
 
The following experiments were designed to quantify the effect of straw on growth 
performance and carcass composition. The thermal effects of straw were difficult to 
isolate, however the ingestion of straw was isolated via the incorporation of cereal straw 
into the diet. It was hypothesized that pigs housed conventionally and fed a diet with 
9% added wheat straw, and pigs housed on straw bedding fed a commercial grower-
finisher diet, would have similarities in growth, lipogenic rate and carcass composition, 
and be leaner than pigs housed conventionally and fed a commercial grower-finisher 
diet.  
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EXPERIMENT 3A 
 
5.2   The effect of straw, as bedding and in the diet, on indicators of lipogenesis 
in growing Large White x Landrace female pigs. 
 
5.2.1 Introduction 
My findings in Chapters 3 and 4 showed that there are differences in the activity of key 
enzymes  involved  in  lipogenesis  within  fat  tissue,  the  concentration  of  plasma 
metabolites and the fatty acid profile between pigs raised in C and DL housing systems. 
These  factors  are  indicators  of  lipogenesis,  therefore  it  was  concluded  that  during 
growth  fat  metabolism  differed  between  pigs  raised  in  C  and  DL  housing  systems 
during growth. This was supported by differences found in percent fat of the carcasses 
from  C  or  DL  raised  pigs.  The  differences  in  the  thermal,  physical  and  social 
environments of each housing system are vast, and factors within each would contribute 
to the differences found in the biochemical measures of fat accretion. For this study, the 
presence  versus  the  absence  of  straw  was  identified  as  a  likely  contributor  to  the 
differences found in the indicators of lipogenesis between pigs raised in C and  DL 
housing systems.     
 
Pigs housed on bedding, or with  access to organic materials offered as enrichment, 
chew  and  ingest  the  substances  (van  Barneveld  et  al.,  2003;  Millet  et  al.,  2004; 
Honeyman, 2005). van Barneveld et al. (2003) demonstrated that when growing pigs 
are housed on rice hulls, up to 10% of the total dietary intake was bedding. The authors 
expected that pigs grown on other types of bedding, such as cereal straw, would have 
similar levels of bedding intake. The approximate nutritive value of cereal straw (90% 
dry matter) is 2 DE (MJ/kg), 72.1% NDF, 45.8% ADF and 38.2% crude fibre (CF) 
(Sauvant et al., 2002). The protein and energy concentration of pig diets is diluted by 
the addition of fibre (Just, 1984; Stahly and Cromwell, 1986; Calvert, 1991; Chabeauti 
et al., 1991; Sauer et al., 1991) and, as a result, carcass fatness is often reduced as fibre 
levels increase (Just, 1984; Noblet and Perez, 1993).  
 
There may also be an effect of DF on fat deposition via effects on fat metabolism. 
Increased  intake  of  fibre,  particularly  of  hemicellulose,  can  reduce  blood  serum 
cholesterol in monogastric species, including man (Delzenne and Kok, 2001; Kreuzer et  
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al., 2002). Though the mechanisms are not clear, there is evidence that the reduction in 
blood  serum  cholesterol  is  related  to  increased  bile  acid  secretion  and  subsequent 
changes in the synthesis and faecal excretion of cholesterol (Bach Knudsen and Hansen, 
1991; Lia et al., 1997; Kreuzer et al., 2002).  Furthermore, a direct relationship between 
DF and fat metabolism has been found in rats where specific non-digestible fermentable 
dietary carbohydrates reduce de novo FA synthesis in the liver by inhibition of lipogenic 
enzyme activity, including the activity of ACoACBX and G6PDH (Delzenne and Kok, 
2001).  
 
Trowell et al. (1976) described DF as the sum of polysaccharides and lignin which are 
not digested by the endogenous secretions of the gastrointestinal tract. Several of the 
non-digestible carbohydrate components of fibre are however fermented in the large 
intestine by bacteria, yielding short chain fatty acids (SCFA) (Johnston et al., 2003) 
which can provide up to 30% of maintenance  energy  requirements of  growing pigs 
(Varel and Yen, 1997). The extent of fermentation is variable depending on the type and 
content of dietary fibre (Nyman and Asp, 1982). Cereal straw contains low levels of 
fermentable carbohydrates and has a low digestibility (Sauer et al., 1991). Different 
types of fibre reduce digestion in the small intestine and therefore more nutrients are 
transferred to the large intestine where carbohydrates are fermented by bacteria. The 
utilization of nutrients by the pig in the large intestine is less efficient than if they were 
absorbed in the small intestine (Just, 1982) and energy loss through methane production 
and fat and nitrogen excretion in the faeces is increased (Bach Knudsen and Hansen, 
1991; Noblet and Le Goff, 2001).  
 
The following experiment was designed to investigate the effect of straw ingestion on 
lipogenesis in growing pigs. The hypotheses were as follows: 
•  The biochemical measures of lipogenic enzyme activity, plasma metabolites and 
FA profile will indicate a similar  rate of lipogenesis between pigs that have 
access to straw via diet (wheat straw) or as bedding (barley straw). 
•  The biochemical measures will indicate that pigs with access to straw (via diet 
or bedding) have a lower rate of lipogenesis than pigs without access to straw. 
•  The  FA  profile  of  belly  and  backfat  will  be  similar  for  pigs  fed  the  straw 
fortified diet and / or housed on barley straw bedding, but will differ to pigs that 
did not have access to straw.   
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5.2.2 Materials and methods 
 
5.2.2.1 Experimental Design 
This  experiment  was  a  2x2  factorial  design,  with  the  factors  being  floor  type  [  i) 
partially  slatted  concrete  flooring  (-)  and  ii)  straw  bedding  (+)],  and  two  dietary 
treatments based on straw [ i) commercial pig grower and finisher diet without straw (-) 
and ii) the same diet with 9% added wheat straw (+)]. The pigs were housed in groups 
of six within commercial grower - finisher pens from 8 - 24 weeks of age (20 - 120 kg 
LW). There were 4 pens (24 pigs) per treatment. The treatments are listed below (Table 
5.1).  
 
Table 5.1 Experimental treatments. 
  Bedding
2 
Diet
1  (Bed+)  (Bed-) 
9% straw diet (St+)  St+Bed+  St+Bed- 
Control diet (St-)  St-Bed+  St-Bed- 
1Straw: + denotes 9% added wheat straw; - denotes control diet.  
2Bedding: + denotes the use of barley straw as bedding; - denotes partially slatted concrete flooring. 
 
5.2.2.2 Animals 
One hundred and ten pigs (Large White X Landrace) were obtained at weaning from a 
higher health status commercial herd, as described previously (Chapter 2.1). On arrival, 
the piglets were weighed and individually identified with a unique ear tag. Piglets were 
randomly grouped into pens of 10 and housed in conventional weaner facilities to eight 
weeks of age (as described in Chapter 4.2.2.2.1). At eight weeks piglets were sorted by 
LW and the 10 lightest and four heaviest pigs were selected as spares and removed from 
the experimental group. The experimental pigs were then stratified by LW into groups 
of six and allocated to one of the four treatments.  
 
Pigs were slaughtered at a commercial abattoir over two days at 24 weeks of age. Prior 
to reaching slaughter age three pigs per pen (12 per treatment) were randomly selected 
as sub-sample pigs from which blood was collected before slaughter and tissue samples 
were collected from the carcass for enzyme and fatty acid analysis (as described in 
5.2.2.5). 
  
5.2.2.3 Housing 
The  weaner  facilities  were  previously  described  in  Chapter  4.2.2.2.1.  In  short,  the 
weaner pens were customized and located within a grower-finisher facility. The floor  
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was  made  up  of  a  solid  concrete  lying  area  and  slatted  plastic  tiles.  There  was  an 
insulated kennel, heated by an infra-red lamp, providing a dry and warm lying area over 
the solid floor area. Pens were fitted with a four-space weaner feeder and two nipple 
drinkers that provided cool, fresh water ad libitum. 
 
The grower-finisher pens were partially slatted concrete pens, as described in Chapter 
2.2.1, and were equipped with a single space feeder. The drinkers differed from those 
described  in  previous  experiments,  as  it  was  a  swing  drinker  fitted  with  two  water 
nipples located over the slatted area of the pen. The height of the drinkers was adjusted 
as pigs grew. 
 
The pens to be bedded with straw had the slatted area fitted with marine ply (15 mm) to 
avoid straw entering the effluent system. A number of holes were drilled into the ply, 
particularly under the drinkers, to assist with drainage. The pens were bedded thickly 
with straw (2.3 kg / pig, 14 kg straw in 6.48 m
2) to an approximate depth of 15 cm to 
mimic the flooring of a DL production system. Pens were cleaned out completely twice 
a week and re-bedded with fresh straw to maintain a clean, dry, lying area.  
 
5.2.2.4 Feeding 
Pigs were phase-fed the same creep and weaner commercial diets as follows: Creep (6-8 
kg LW), Weaner (8-20 kg LW).  The experimental period began when pigs were eight 
weeks of age. From eight to 16 weeks of age pigs were fed the experimental grower 
diets and, from 16 to 24 weeks of age, pigs were fed the experimental finisher diets 
(Table 5.2). The diets used in this experiment had a slightly larger pellet size, 7 mm 
diameter, compared to normal commercial pelleted diets which have a pellet diameter of 
4  mm.  The  larger  pellet  size  was  necessary  to  ensure  that  the  ground  straw  was 
successfully incorporated into the pellet. The wheat straw was ground in a tub grinder 
then passed through a series of screens. The diameter of the mesh of the final screen 
was 8mm.  The  average length of straw incorporated into pellets was  approximately 
15mm in length.   
 
It was observed during the feeding of the grower diet that the pellets of the St+ diet 
were easily crumbled and wastage in the pen was high. In order to overcome this marvel 
lime, hydrated lime containing 54% calcium, was included at 20 g/kg in the finisher 
diet, to improve the binding of the pellet.   
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Table 5.2 Composition of experimental diets. 
aMill mix: by-product of flour milling 
bReworks:  the  residual  feed  remaining  within  the  feed  mill  from  a  previous  diet  mix  (therefore  the 
specifications are known)  
*Provided the following nutrients (per kg air-day diet): 
Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 µg, 
Calcium pantothenate 25 mg, Folic Acid 0.5 mg, Niacin 30 mg, Biotin 75 µg. 
Minerals: Co 0.5 mg (as cobalt sulphate), Cu 25 mg (as copper sulphate), Iodine1.25 mg (as potassium 
iodine), Iron 150 mg (as ferrous sulphate), Mn 100 mg (as manganous oxide), Se 0.5 mg (as sodium 
selenite), Zn 0.25 mg (as zinc oxide)  
St- denotes control diet 
St+ denotes 9% added wheat straw diet  
 
5.2.2.5 Measurements and sample collection 
Individual pig LW and feed allocated to each pen were recorded weekly. On the day 
before  slaughter,  25  ml  of  blood  were  collected  from  the  sub-sample  pigs  by  vena 
puncture. The collection procedure and processing of blood and plasma was done as 
described in Chapter 2.4.1. Plasma was stored at -20 
oC until further analyses.  
 
The pigs were transported to a commercial abattoir and slaughtered as described in 
Chapter 2.3. Carcass weight and P2 backfat depth (Hennessey Grading Probe 4) were 
measured on the hot carcass of all experimental pigs by abattoir staff. Immediately on 
  Grower diet  Finisher diet 
Ingredient (kg)  St-  St+  St-  St+ 
Wheat  200.0  200.0  35.5  35.5 
Barley  361.49  361.49  597.52  597.52 
Lupins  200.0  200.0  74.0  74.0 
Mill-mix
a  25.0  25.0  100.0  100.0 
Lupin Kernel  50.0  50.0  152.5  152.5 
Canola Meal  50.0  50.0  -  - 
Soya-bean Meal  10.0  10.0  -  - 
Reworks
b  30.0  30.0  -  - 
Meat and Bone Meal  28.5  28.5  5.0  5.0 
Tallow Press  20.0  20.0  15.0  15.0 
Choline Chloride 75%  0.130  0.130  0.130  0.130 
DL-Methionine  1.45  1.45  0.600  0.600 
Limestone   6.0  6.0     
Dicalcium phosphate  10.0  10.0  8.5  8.5 
Salt  1.75  1.75  2.40  2.40 
Lysine  3.9  3.9  1.55  1.55 
L-Threonine  1.08  1.08  -  - 
Vitamin/Mineral mix
*  0.70  0.70  0.70  0.70 
Marvel Lime  -  -  20.0  20.0 
Straw  -  100.0  -  100.0 
         
TOTAL (kg)  1000  1100  1000  1100 
   
  Calculated nutrient composition 
DE (MJ/KG)  13.36  12.30  12.97  11.95 
Available Lysine (%)  0.99  0.91  0.68  0.63 
Protein (%)  19.50  18.08  16.50  15.35 
Crude Fibre (%)  6.59  9.47  6.82  9.67 
Neutral detergent fibre (%)  17.58  22.54  18.66  23.52 
Acid detergent fibre (%)  6.73  10.28  7.76  11.22  
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entry to the chiller, adipose samples were collected from the belly and backfat depots of 
the carcasses from sub-sample pigs as described in Chapter 2.4.2, and transported in 
liquid nitrogen, then stored at -80 
oC until later preparation and analysis for the activity 
of key enzymes involved in lipogenesis and FA profile.  
 
5.2.2.6 Biochemical analyses 
The  concentrations  of  plasma  NEFA,  glucose,  glycerol,  lactate  and  acetate  were 
determined using commercial kits (Boehringer Mannheim, Integrated Science, Randox, 
Wako) as described in Chapter 2.5.1. 
 
The  activities  of  G-6-PDH  (EC  1.1.1.49)  and  ACoACBX  (EC  6.4.1.2),  and  tissue 
protein content were determined in the belly fat and backfat of pigs at 24 weeks of age. 
The  tissue  was  prepared  and  assayed  for  enzyme  activity  following  the  methods 
described in Chapter 2.5.3. Enzyme activities were expressed as units per gram of fat 
tissue.  
 
Total lipids were extracted and methylated (AOAC, 1990) for fat from the belly and 
backfat depots. The FA profile was determined via gas chromatography (Aligent 6890 
series GC System, USA) and the detailed methodology is described in Chapter 2.5.2. 
 
5.2.2.7 Statistical analyses 
The data were analysed using the two-way ANOVA procedure (Genstat © 2005, 8
th 
edition, Lawes Agricultural Trust). The experimental unit was the individual animal, 
except for growth and food intake data, for which pen was the experimental unit. The 
main effects in the model were diet and floor type. The interaction between diet and 
floor type was also assessed. The measure of variance in the analyses is presented as 
pooled standard error of the mean (SEM). Effects were considered significant if P≤0.05. 
If  the  P-value  lay  between  P>0.05  and  ≤0.100  then  the  effects  were  considered  as 
trends. The differences in FA profile relative to enzyme activities were subjected to 
analysis by simple linear regression, with age as group.    
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5.2.3 Results 
 
5.2.3.1 Live weight and food intake 
At the beginning of the experimental period (pigs were eight weeks of age) there were 
no differences in the average LW of pigs between treatment groups (P>0.100). Midway 
through the experiment, when pigs were 16 weeks of age and about to start on the 
finisher diet, there was no effect of diet or floor type, nor any interaction between the 
two,  on  average  LW  (P>0.100).  There  was  a  main  effect  of  diet  on  the  average 
kilograms of grower diet offered per pig, per day, where more diet was offered to pigs 
fed the 9% straw diet (P≤0.001). Similarly there was a trend for the same pigs to be 
offered more finisher diet (P≤0.100) and, therefore, for the overall experimental period 
there was a main effect of diet on the average amount offered per pig per day (P≤0.01) 
(Table 5.3). However pigs fed the 9% straw diet did not necessarily consume more feed 
overall.  Wastage  was  difficult  to  monitor,  particularly  in  the  straw-bedded  pens, 
however it was observed that the pellets of the 9% straw grower diet crumbled easily 
and wastage around the feeder was high. The problem was effectively reduced by the 
addition of marvel lime to the finisher diets to improve the binding of pellets.  
 
5.2.3.2 Activity of key enzymes involved in lipogenesis  
There was a significant main effect of diet on ACoACBX activity in backfat (P≤0.05) 
where pigs on the 9% straw diet, that is St+Bed- and St+Bed+ pigs, had higher levels of 
activity compared to pigs that were fed the control diet. There was also a strong trend 
for ACoACBX activity to be higher in belly fat of pigs fed the 9% straw diet (P≤0.056). 
There was no effect of diet on G6PDH activity in belly or backfat (P>0.100). There was 
no effect of floor type or an interaction between diet and floor type on the activity of 
ACoACBX and G6PDH in belly and backfat (P>0.100) (Table 5.4).   
 
2
2
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Table 5.3 The effect of diet and floor type on live weight (kg) and average food allocation per pig per day (kg) between 8 and 24 weeks 
of age  (n=4). 
  Treatment    Significance 
  Age (weeks)  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SE  Diet
1  Floor
2  Diet*Floor 
Live weight (kg)                 
  8  15.9  16.1  16.3  16.0  0.21  n.s  n.s  n.s 
  16  65.3  67.1  68.2  67.0  1.15  n.s  n.s  n.s 
  24  112.2  115.2  109.3  111.5  2.22  n.s  n.s  n.s 
                 
kg feed/pig/day                 
  8-16 (grower diet)  2.02
b  2.07
b  1.84
a  1.82
a  0.037  ***  n.s  n.s 
  16-24 (finisher diet)  3.03  3.12  2.91  2.88  0.098  †  n.s  n.s 
  8-24  2.53
b  2.60
b  2.38
a  2.35
a  0.055  **  n.s  n.s 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bedding = Bed+ vs Bed-: 
•  St+ denotes 9% added wheat straw; St - denotes control diet.  
•  Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pen as the experimental unit 
  
 
2
2
9
Table 5.4 The effect of diet and floor type on the activity of key enzymes involved in lipogenesis in belly fat and back fat (n=12). 
    Treatment    P-value 
  Site  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SE  Diet
1  Floor
2  Diet*Floor 
ACoACBX^  Belly  0.60
  0.56
  0.44
  0.53
  0.047  †  n.s  n.s 
  Backfat  0.59
b  0.48
ab  0.38
a  0.42
a  0.057  *  n.s  n.s 
                   
G6PDH
#  Belly  1.65  2.50  1.55  1.61  0.382  n.s  n.s  n.s 
  Back  1.82  1.73  1.66  1.63  0.086  n.s  n.s  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.   
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
^ACoACBX expressed as expressed as nmol of radioactive bicarbonate incorporated / min / mg protein x 10
3. 
#G6PDH expressed as µmol / minute / g fat.
 %.  
1Diet = St+ vs St-. 
2Bedding = Bed+ vs Bed-: 
•  St+ denotes 9% added wheat straw; St - denotes control diet 
•  Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit  
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5.2.3.3 Fatty acid profile of adipose 
The FA profile of belly fat was affected by diet and floor type. Pigs fed the control diet had 
a higher percentage of oleic acid and lower percentages of C18:2 (linoleic) and C18:3n3 (α-
linoleic  acids)  (P≤0.05)  and  a  trend  for  C18:3n6  (γ-linoleic)  (P=0.086)  to  be  lower 
compared to pigs fed the 9% straw diet. There was a strong trend for belly fat from pigs 
housed on straw bedding to have a lower percentage of C18:0 (stearic acid) (P≤0.062) and a 
strong trend for a lower ratio of SFA:UFA compared to pigs housed on the concrete floor 
(P≤0.055). There was no effect of the interaction between diet and floor on the percentage 
of FA, except for C14:0 (myristic) which was at higher levels in St+Bed- and St-Bed+ pigs 
compared to St+Bed+ and St-Bed- pigs (Table 5.5). 
 
There was no effect of diet, floor type or an interaction between the two on the FA profile 
of  subcutaneous back  fat  (P>0.100).  The  only  FA  to be  affected  by  treatments  was  γ-
linolenic acid where the interaction between diet and floor type was significant and percent 
composition was higher (P≤0.05) in the backfat of St+Bed- and St-Bed+ pigs (Table 5.6). A 
comparison between the FA profile of belly and backfat indicated that belly fat was more 
saturated than backfat (P≤0.001).  
 
5.2.3.4 Blood biochemistry 
Diet had a significant effect on the concentration of acetate and NEFA in plasma. Pigs fed 
the  9%  straw  diet  had  higher  levels  of  acetate  (P≤0.001)  and  lower  levels  of  NEFA 
(P≤0.01)  than  pigs  fed  the  control  diet.  There  was  a  weak  trend  for  an  effect  of  the 
interaction between diet and floor type on plasma acetate concentration (P=0.100), where 
pigs  with  access  to  straw,  either  via  diet  or  as  bedding,  had  a  higher  concentration of 
plasma  acetate  than  pigs  in  the  St-Bed-  treatment  with  no  access  to  straw.  Floor  type 
affected the plasma concentrations of L-lactate, which were significantly higher in pigs 
housed on the concrete floor (P≤0.001) (Table 5.7).  
 
5.2.3.5 Relationships between data 
The  regressions  between  the  FA  profile  of  belly  and  backfat  and  the  corresponding 
measures  of  enzyme  activity  were  not  significant  (P>0.100),  with  the  exception  of  the  
  231 
regression between backfat ACoACBX activity (P=0.069, r
2=5.0) therefore the data are not 
presented.   
 
2
3
2
Table 5.5 The effect of diet and floor type on the fatty acid composition of belly fat collected from 24-week-old pigs (n=12). 
    Treatment    P-value 
Fatty Acid 
(%)  Common Name  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM 
Diet*Floor  Diet
1  Floor
2  Diet * Floor 
14:0  Myristic  2.0
b  1.9
a  1.9
a  2.0
b  0.04  n.s  n.s  * 
16:0  Palmitic  25.0  24.4  24.8  24.8  0.31  n.s  n.s  n.s 
16:1  Palmitoleic  3.0  3.1  3.0  3.1  0.11  n.s  n.s  n.s 
17:0  Margaric  0.62  0.63  0.63  0.59  0.032  n.s  n.s  n.s 
17:1    0.48  0.51  0.51  0.48  0.024  n.s  n.s  n.s 
18:0  Stearic  14.0  13.0  14.2  13.5  0.43  n.s  †  n.s 
18:1, c9  Oleic  31.6
a  32.5
b  32.8
b  33.0
b  0.30  **  †  n.s 
18:2, c9t11  Linoleic  18.1
bc  18.7
c  17.2
a  17.5
ab  0.46  *  n.s  n.s 
18:3 n3  α Linolenic  1.9
ab  2.0
b  1.8
a  1.8
a  0.05  *  n.s  n.s 
18:3n6  γ Linolenic  0.078  0.071  0.066  0.066  0.005  †  n.s  n.s 
20:0  Arachidic  0.20  0.18  0.19  0.18  0.008  n.s  n.s  n.s 
20:1    0.80  0.80  0.82  0.82  0.021  n.s  n.s  n.s 
20:4  Arachidonic  0.63  0.60  0.58  0.61  0.023  n.s  n.s  n.s 
                   
                   
SFA    42.0  40.4  41.9  41.2  0.61  n.s  †  n.s 
UFA    57.4  59.0  57.5  58.2  0.60  n.s  †  n.s 
SFA:UFA    0.73  0.68  0.73  0.71  0.02  n.s  †  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.   
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bedding = Bed+ vs Bed-: 
•  St+ denotes 9% added wheat straw; St - denotes control diet.  
•  Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SFA: Saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit 
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Table 5.6 The effect of diet and floor type on the fatty acid composition of subcutaneous backfat collected from 24-week-old pigs (n=12). 
    Treatment    P-value 
Fatty Acid 
(%)  Common Name  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM 
Diet*Floor  Diet
1  Floor
2  Diet * Floor 
14:0  Myristic  1.6  1.6  1.6  1.6  0.04  n.s  n.s  n.s 
16:0  Palmitic  22.4  22.8  22.2  22.5  0.27  n.s  n.s  n.s 
16:1  Palmitoleic  2.7  2.6  2.5  2.6  0.12  n.s  n.s  n.s 
17:0  Margaric  0.59  0.59  0.63  0.59  0.025  n.s  n.s  n.s 
17:1    0.52  0.51  0.56  0.51  0.025  n.s  n.s  n.s 
18:0  Stearic  12.6  12.5  12.8  13.3  0.55  n.s  n.s  n.s 
18:1, c9  Oleic  35.2  34.8  35.7  35.3  0.34  n.s  n.s  n.s 
18:2, c9t11  Linoleic  18.9  19.2  18.5  18.3  0.60  n.s  n.s  n.s 
18:3 n3  α Linolenic  1.9  1.9  1.9  1.9  0.06  n.s  n.s  n.s 
18:3n6  γ Linolenic  0.074
b  0.060
a  0.059
a  0.072
b  0.0062  n.s  n.s  * 
20:0  Arachidic  0.24  0.22  0.23  0.22  0.013  n.s  n.s  n.s 
20:1    1.1  1.0  1.1  1.0  0.03  n.s  n.s  n.s 
20:4  Arachidonic  0.58  0.55  0.54  0.54  0.025  n.s  n.s  n.s 
                   
                   
SFA    37.7  38.0  37.8  38.5  0.68  n.s  n.s  n.s 
UFA    61.8  61.5  61.8  61.0  0.68  n.s  n.s  n.s 
SFA:UFA    0.61  0.62  0.62  0.63  0.018  n.s  n.s  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.   
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bedding = Bed+ vs Bed-: 
•  St+ denotes 9% added wheat straw; St - denotes control diet.  
•  Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SFA: Saturated fatty acids 
UFA: unsaturated fatty acids 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit  
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Table 5.7 The effect of diet and floor type on the concentration of plasma metabolites (mmol/L) in 24-week-old pigs (n=12). 
  Treatment    Significance 
Metabolite  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM  Diet
1  Floor
2  Diet*Floor 
Acetate  0.33
c  0.30
bc  0.25
a  0.27
ab  0.015  ***  n.s  † 
Glucose  3.04  3.22  3.16  3.15  0.169  n.s  n.s  n.s 
Glycerol  0.018  0.018  0.021  0.018  0.0016  n.s  n.s  n.s 
L-lactate  3.75
b  1.93
a  3.25
b  2.04
a  0.357  n.s  ***  n.s 
NEFA  0.063
a  0.067
a  0.081
b  0.078
b  0.0053  **  n.s  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.   
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bedding = Bed+ vs Bed-: 
•  St+ denotes 9% added wheat straw; St - denotes control diet.  
•  Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit 
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5.2.4 Discussion 
The current study tested the hypothesis that the ingestion of straw, from either the diet or 
bedding, caused the differences found in the indicators of lipogenesis, that is the activity of 
key  enzymes  involved  in  lipogenesis,  fatty  acid  profiles  of  adipose  tissue  and 
concentrations of plasma metabolites, between C- and DL-housed pigs. The results of the 
study supported this because there were similarities in measures between pigs fed the straw 
diet and pigs housed on straw bedding and, measures differed from pigs that did not have 
access  to  straw.  There  was  a  greater  effect  of  diet  on  the  biochemical  measures  than 
bedding, however this was because pigs fed the diet with 9% added straw had a higher 
apparent VFI than pigs fed the control diet.  
  
5.2.4.1 Live weight and food intake 
There was no significant effect of diet or bedding, nor any interaction between the two, on 
live weight gain, however by 24 weeks of age the average weight of pigs fed the 9% added 
straw diet and housed on straw bedding were 6 kg heavier than pigs that had no access to 
straw.  It has been reported that grower-finisher pigs raised on bedding grow faster than 
pigs housed in a conventional, barren environment (Matte, 1993; Payne et al., 2000; Gentry 
et al., 2002b; Guy et al., 2002; Johnston et al., 2005). The effect of adding straw to the diet 
and straw as bedding on growth performance and carcass quality is discussed further in 
Chapter 5.3.4. The apparent VFI was higher for pigs fed the St+ diet. It was observed that 
wastage of the St+ diet was higher than the St- diet, however this was difficult to measure, 
particularly in the straw bedded pens. The integrity of the pellets in the straw diet appeared 
to be less than the control diet and this seemed to contribute to the increased wastage. To 
reduce  this  effect,  marvel  lime  was  added  to  the  finisher  diet  to  improve  the  binding 
strength and wastage appeared to be reduced. However it is likely that the higher apparent 
VFI was also in part due to an increase in food intake by pigs on the 9% added straw diet 
because as the fibre content of diets increase, pigs eat more to compensate for the dilution 
of energy and nutrients in the diet in an attempt to maintain a constant energy intake (Low, 
1993).  
 
5.2.4.2 Activity of key enzymes involved in lipogenesis  
Pigs fed the St+ diet had higher levels of ACoACBX activity in backfat than pigs fed the 
St- diet. There was also a trend for the same effect of diet on ACoACBX activity in belly  
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fat. Elevated ACoACBX activity may indicate that lipogenesis was occurring at a greater 
rate in the backfat of pigs fed the St+ diet. Alternatively the higher levels of activity may 
indicate  reduced  lipogenesis  because  if  there  is  less  fat  within  the  adipocyte,  enzyme 
activity is more concentrated relative to fat mass (Kramer et al., 1993). However, it cannot 
be  determined  which  alternative  is  more  likely  as  when  considering  the  carcass  data 
presented in Chapter 5.3.4 there was no effect of diet on P2 backfat thickness or percent fat 
in the carcass, including the loin and belly primals. These results may therefore indicate a 
difference in the rate of lipolysis between pigs fed the St+ diet and pigs fed the St- diet. 
 
Dietary  fibre  can  affect  lipid  metabolism.  Non-digestible,  but  fermentable  dietary 
carbohydrates  have  been  found  to  reduce  de  novo  FA  synthesis  via  the  inhibition  of 
lipogenic  enzymes  (Delzenne  and  Kok,  2001).  However  in  the  current  study  the  fibre 
source,  straw,  is  poorly  fermentable  and  therefore  a  reduction  in  the  activity  of  key 
enzymes  involved  in  lipogenesis  via  this  mechanism  is  unlikely,  albeit  higher  plasma 
acetate levels measured in pigs fed the St+ diet and/or housed on straw bedding indicated 
that some of the ingested straw was fermented (discussed further in 5.2.4.4). Alternately, 
the straw diet high in insoluble DF would have reduced the transit time of digesta through 
the GI tract, and therefore reduced nutrient absorption in the small intestine (Bach Knudson 
and Hansen, 1991). Consequently substrates which may have been available for lipogenesis 
would have been passed into the large intestine and excreted in faeces.  
  
5.2.4.3 Fatty acid profile 
There was a main effect of diet on the FA profile of belly fat and a strong trend for bedding 
to affect the over all ratio of SFA:UFA. Diet and floor type affected the concentrations of 
C18:2 (linoleic acid), C18:3n3 (α-linolenic acid) and C18:3n6 (γ-linolenic acid).  In the pig, 
linoleic and linolenic acids must be obtained from the diet. The treatment diets were the 
same composition, with the exception of the addition of wheat straw (at 9%) to the St+ diet. 
Therefore, either wheat straw may have contributed to the differences in percent linoleic 
and linolenic acid, or the differences were the result of differences in the level of food 
intake between pigs fed the St+ and St- diets. Analysis of barley straw shows no detectable 
levels of essential FA (Ewing, 1997), which explains why there was no significant effect of 
bedding on the FA profile, and it is expected that the analysis of wheat straw would provide 
similar results. Therefore the difference in food intake, and therefore the amount of pre- 
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formed FA available for incorporation into triglycerides (Högberg et al., 2001), is the most 
likely explanation for the treatment difference in FA profile of belly fat.  
 
There was a trend for pigs housed on bedding to have a lower percentage of C18:0 (stearic 
acid)  and  overall  a  lower  SFA:UFA  than  pigs  in  the  non-bedded  treatment  groups. 
Piedrafita et al. (2001) and De Smet et al. (2004) found that higher percentages of stearic 
acid and an increased ratio of SFA were related to increased fatness, suggesting that pigs in 
the non-bedded treatment groups had more fat deposited in belly than pigs in the bedded 
treatment groups. This was not supported by the results for the activity of key enzymes 
involved in lipogenesis, which did not differ between treatments, however the results from 
the previous experiments support this suggestion as higher levels of fat were found in the 
belly primal of C-housed pigs compared to DL-housed pigs (Chapter 3.3; Chapter 4.3).  
 
There was  no  treatment  effect  on  the  FA  profile of  backfat, with the  exception of  the 
interaction  between  diet  and  bedding  on  C18:3n6  (γ-linoleic  acid)  which  occurred  at  a 
higher percentage in the backfat of pigs with access to only one source of straw, that is the 
St+Bed- or St-Bed+ treatment groups. These results are not consistent with the findings for 
belly fat where pigs fed the St+ diet had higher levels of γ-linoleic acid. Generally, the 
previous experiments found no differences in the percentage of γ-linoleic in adipose tissue 
from pigs reared in C or DL housing and therefore the treatment difference found between 
the current results is unusual and difficult to explain.  
 
Previous  results  (Chapter  3.2;  Chapter  4.2)  found  significantly  lower  concentrations  of 
C17:0 and C17:1 in the backfat and belly fat of DL-housed pigs, however in the current 
experiment there was no treatment difference in the percent of either FA in belly or backfat. 
In Chapter 4.2.4.2 it was concluded that differences in the percentage of C17:0 and C17:1 
were due to differences in vitamin B12 status, produced by increased bacterial activity in 
the hind gut stimulated by straw ingestion. For the current experiment all pigs were housed 
within C facilities whereas for the previous experiment pigs were housed in C and DL 
facilities. With the differences between experiments in mind, the current results suggest that 
factors other than straw ingestion, which differ between C and DL housing, contribute to 
the difference in the percentage of C17:0 and C17:1 in fat tissue.  Access to soil may have  
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enhanced the population of hind-gut microbia. The DL facility used in Experiment 1 had an 
earth base and the outdoor facilities used to weigh the DL pigs each week in Experiments 1 
and 2 also had an earth base. In the current experiment pigs remained within the C facility 
and therefore did not have access to soil 
 
5.2.4.4 Blood metabolites 
Short  chain  fatty  acids  are  produced  by  bacterial  fermentation  of  fibre  and  the  main 
products produced in the hind gut of pigs are acetate, propionate, butyrate, H2, CO2 and 
CH4 (Varel and Yen, 1997). Therefore it follows that pigs fed the 9% added straw diet had 
elevated plasma acetate concentrations compared to pigs on the control diet. There was also 
a trend for pigs housed on straw bedding to have a higher concentration of plasma acetate 
compared to pigs with no access to straw, as indicated by the interaction between diet and 
bedding. The concentration of plasma acetate increases in response to increased levels of 
bacterial fermentation in the hind gut, stimulated by elevated fibre intake (Yen et al., 2004). 
As  the  St-Bed+  pigs  were  eating  the  control  diet  the  additional  fibre  must  have  been 
sourced  from  the  bedding  material,  supporting  the  conclusions  of van  Barneveld  et  al. 
(2003) that pigs consume a significant amount of bedding material. Acetate is carried to the 
liver where it can act as an energy substrate for muscle (Montagne et al., 2003), however it 
is also a lipogenic substrate (Delzenne and Kok, 2001), a supplier of acetyl-CoA (Demigné 
et al., 1995), and therefore a precursor for de novo FA synthesis in adipose tissue (Annison 
and Bryden, 1999). The inclusion of acetate in de novo FA synthesis was demonstrated in 
work reviewed by Low (1993) where a significant proportion of radio labelled acetate, 
originating from the caecum, was found in subcutaneous fat four days after infusion. The 
elevated plasma acetate concentration in pigs fed the St+ diet suggests that they had a 
higher potential  for lipogenesis, and therefore fat deposition, compared to pigs without 
access to straw, however the carcass data reported in later Chapter 5.3.3. do not support this 
as there were no significant differences in carcass composition. 
 
The previous experiments (Chapters 3.2 and 4.2) found no significant differences in plasma 
acetate concentration between C- and DL-housed pigs. In the current experiment, pigs fed 
the 9% added straw diet had significantly higher levels of plasma acetate. In addition there 
was a trend for pigs housed on straw bedding and fed the control diet (St-Bed+) to have 
higher levels of plasma acetate compared to pigs without access to straw (St-Bed-). Barley  
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straw was used for bedding and wheat straw was used in the 9% straw diet. Fibre consists 
of a variety of chemical constituents which can vary widely depending on the fibre source 
(Calvert,  1991),  and  therefore  the  degree  of  fermentation  varies  between  fibre  sources 
(Varel and Yen, 1997). Fibre containing high levels of soluble fibre, high levels of pectin 
and/or low levels of lignin such as sugar beet pulp, are more digestible than fibre containing 
high levels of lignin and cellulose, such as straw (Noblet and Le Goff, 2001) which is of 
little nutritive value to growing pigs. A typical analysis of wheat straw indicates 72% NDF 
and 46% ADF (Sauvant et al., 2002), making it less digestible than barley straw (84% 
NDF, 51% ADF, Ewing, 1997). However, processing can affect the digestibility of fibre 
(Just, 1982; Noblet and Le Goff, 2001; Montagne et al., 2003) and the processing of the 
wheat  straw  into  the  pelleted  diet,  that  is  chopping,  grinding  and  heating,  may  have 
contributed to improved digestibility compared to barley straw and therefore influenced the 
concentration  of  plasma  acetate.  Wheat  and  barley  straw  are  the  major  types of  cereal 
straws used as bedding in DL pig production in Australia (Payne et al., 2000).  
 
Pigs fed the 9% added straw diet had significantly lower concentrations of plasma NEFA 
compared to pigs on the control diet, suggesting that the rate of fat mobilization was higher 
(Frayn, 2003) in pigs fed the St- diet.  The addition of dietary fibre dilutes the nutritional 
and energetic value of a diet (Just, 1982; Chabeauti et al., 1991; Varel and Yen, 1997; 
Håkansson et al., 2000). Furthermore, the efficiency of utilisation of ME produced from the 
fermentation  of  fibre  in  the  large  intestine  is  reduced  by  around  0.7  units  with  every 
percentage increase in CF (Just, 1982), and losses of protein and fat, via faeces, increase 
(Just,  1982;  Bach  Knudsen  and  Hansen,  1991).  It  would  seem  that  plasma  NEFA 
concentration should have been higher in pigs fed the St+ diet, as energy intake would have 
been reduced  and the potential requirement for additional energy from fat mobilization 
increased. As this was not the case, and average LW was similar between pigs fed the 
different  treatment  diets,  it  appears  that  the  pigs  were  able  to  overcome  the  reduced 
nutritive value of the St+ diet. Håkansson et al. (2000) found that female pigs fed diets 
diluted with 8% and 16% wheat straw were able to compensate for the reduced ME values 
of the test diets by increasing VFI, a response which is a plausible explanation for the 
current experiment. Moreover, the ability of the pig to digest fibre increases with age and 
LW  (Noblet  and  Le  Goff,  2001),  therefore  over  the  duration  of  the  experiment  the 
obtainment of energy from the St+ diet would have improved.   
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Increased heat production (HP) is associated with the digestion and metabolism of fibre 
and, in a cool environment, the additional heat produced may be used by the animal to meet 
elevated maintenance requirements, sparing other nutrients for growth (Noblet et al., 1985; 
Stahly  and  Cromwell,  1986;  Jørgensen  et  al.,  1996;  Varel  and  Yen,  1997).  The 
experimental period ran  primarily  over  winter  (between  mid  May  and  early  September 
2005, see Appendix 2c for temperature data), therefore pigs on the St+ diet may have had a 
lower maintenance requirement because of increased heat production compared to pigs fed 
the St- diet, particularly St-Bed- pigs. In addition, the lower requirement for energy would 
reduce the need to mobilize fat stores, as indicated by lower plasma NEFA concentration in 
the St+ fed pigs.  
 
The  concentration  of  lactate  was  significantly  higher  in  plasma  from  pigs  in  the  Bed- 
treatments. These results are consistent with those reported in Chapter 3.2 where C-housed 
pigs had higher concentrations than DL-housed pigs. In Chapter 4.2 similar results were 
found for 13-week-old pigs that were weaned into C facilities compared to pigs that had 
been  weaned  in  to  DL  facilities  to  13  weeks  of  age.  Lactate  can  be  an  indicator  of 
lipogenesis as it is released after the uptake of glucose (Ellmerer et al., 1998) and can 
contribute  to  de  novo  FA  synthesis.  Plasma  lactate  concentration  can  also  be  used  to 
indicate physiological response to stress (Warriss et al., 1994; Lebret et al., 2006). Apple et 
al. (1993) found in lambs and Hamilton et al. (2004) found for pigs that plasma lactate 
concentrations increased rapidly  after stressors such as restraint, isolation and intensive 
handling were applied. The baseline concentrations of plasma lactate for C-housed pigs 
restrained by snout rope were between 2.7 - 3.1 mmol/L (Hamilton et al., 2004), similar to 
the concentrations found in plasma of pigs in the Bed- treatment. Pigs raised in enriched 
housing conditions, either C housing with added enrichment, in DL housing or outdoors, 
show a greater exploratory behaviour of novel environments compared to pigs housed in 
conventional environments (Lyons et al., 1995; Beattie et al., 2000; Johnston et al., 2005). 
Different housing environments affect the way in which pigs react to social and non-social 
situations (Geverink et al., 2004), and it is likely that pigs from enriched housing systems 
cope better in stressful situations (de Jong et al., 2000; Klont et al., 2001; Lambooij et al., 
2004). On the day of blood collection pigs were moved from their pens as a group, weighed 
individually, then restrained by snout rope and blood was collected via vena puncture. If the  
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coping  ability  was  less  in  the  Bed-  and  C  treatment  groups,  then  the  interaction  with 
humans,  the  new  environment  and  the physical restraint would  have initiated a  greater 
stress response compared to the stress response in the pigs from the Bed+ and DL treatment 
groups, explaining the difference in plasma lactate concentration.  
 
5.2.4.5 Relationships between data 
A  reduction  in  the  activity  of  lipogenic  enzymes  can  be  associated  with  a  decline  in 
lipogenesis  and  this  is  accompanied  by  a  reduction  in  the  proportion  of  SFA:UFA  in 
adipose tissue (Kramer et al., 1993; Nürnberg et al., 1998) because a greater proportion of 
the FA incorporated are from dietary origin rather then de novo FA synthesis.  The FA 
profile  of  belly  fat  and  backfat  was  not  related  to  the  lipogenic  enzyme  activity  data. 
Further analyses determined that the relationship between FA profile and enzyme activity, 
or lack of, did not differ between treatments. As lipid deposition depends upon the rates of 
both  lipogenesis  and  lipolysis  (Vernon,  1986)  it  may  be  that  lipolysis  varied  between 
treatments  thus  affecting  the  actual  deposition  of  FA  in  tissue  relative  to  the  rate  of 
lipogenesis as indicated by ACoACBX and G6PDH activity.  
 
5.2.4.6 Conclusion  
The contribution of straw bedding to the differences found in fat metabolism, growth and 
carcass between C- and DL- housed pigs may occur via the physical and thermal properties 
or  via  ingestion.  The  results  of  this  study  indicate  that  straw  ingestion  influences  the 
indicators of fat metabolism and therefore would be expected to affect fat metabolism and, 
consequently, fat deposition (discussed in Chapter 5.3.4). There were similarities between 
pigs fed the 9% added straw diet and pigs fed the control diet and housed on straw bedding. 
These  results  support  the  findings  of  van  Barneveld  et  al.  (2003)  that  pigs  ingest  a 
significant amount of bedding material and suggest that the differences in fat metabolism 
found between C- and DL-housed pigs in the previous experiments (Chapter 3, Chapter 4) 
can be explained in part by the ingestion of straw bedding.  
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EXPERIMENT 3B 
 
5.3  The effect of straw, as bedding and in the diet, on growth performance, fat 
deposition and distribution, and carcass quality of growing Large White x Landrace 
female pigs. 
 
5.3.1 Introduction  
The findings reported in Chapters 3 and 4 demonstrated that the measures of lipogenesis 
differ between C- and DL-housed pigs. The previous experiments found that DL-housed 
pigs were not always fatter than C-housed pigs, as indicated by carcass percent fat, and this 
is contrary to the anecdotal opinion. There was however a difference between C and DL-
housed pigs in fat distribution where C-housed pigs had more fat in the belly primal. 
 
There are vast differences between C and DL production systems (as discussed in Chapter 3 
and Chapter 4) and a number of these are likely to affect energy metabolism and therefore 
contribute to the differences found in fat metabolism and fat accretion in growing pigs.  The 
presence  of  straw  is  a  major  difference  between  the  two  housing  systems,  and  was 
identified in Chapter 5.1 as a likely contributor to the differences in fat accretion between 
C-  and  DL-housed  pigs.  Straw  may  influence  fat  deposition  via  two  routes.  First,  the 
provision of bedding versus concrete flooring is likely to induce differences between the 
thermoregulatory  and  maintenance  requirements  of  the  pig.  The  nature  of  the  floor 
determines the extent of heat loss, and as approximately 20% of the animal’s body can be 
in contact with the floor the conductive heat loss may present 20-25% of the animals heat 
loss (Close, 2002). Second, the ingestion of bedding increases DF intake. Fibre dilutes the 
concentration of protein and energy in the diet (Just 1984; Chabeauti et al., 1991; Varel and 
Yen, 1997; Håkansson et al., 2000) therefore altering the digestible amino acid : digestible 
energy ratio of the diet, changing the pig’s amino acid requirements (van Barneveld et al., 
2003). It is likely that in commercial production these changes are not accounted for in the 
formulated  diet,  resulting  in  variation  in  growth  performance  and  carcass  quality  (van 
Barneveld et al., 2003). 
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Dietary  fibre  is  made  up  of  a  number  of  components.  Calvert  (1991)  found  the 
measurement of NDF and ADF provided a good measure of the characteristics of fibre and 
the balance of these components indicate the nutritional value of the fibre source to the pig. 
One of the products of the bacterial fermentation of fibre in the hind gut is SCFA which can 
be utilized as an energy source (Wenk, 2001). Wheat and barley straw are highly lignified 
and are not readily fermentable, therefore they have little nutritive value to growing pigs 
(Just, 1982; Schrama and Bakker, 1999; Noblet and Le Goff, 2001). Furthermore, their 
inclusion in the diet results primarily in dilution of the nutritive value of that diet. As a pig 
increases in age its ability to digest fibre improves (Johnston et al., 2003), and for grower-
finisher pigs, it is recommended that maximum dietary fibre inclusion levels do not exceed 
7-10% (Kass et al., 1980; Calvert, 1991). It is characteristic for growing pigs fed high-fibre 
diets (in excess of 10%) to have reduced growth rates (Håkansson et al., 2000) and often 
less carcass fat (Stahly and Cromwell, 1986; Håkansson et al., 2000; Kreuzer et al., 2002), 
primarily in response to the reduction in energy availability. Gerdemann et al. (1999) and 
Kreuzer et al. (2002) reported a site-specific effect of increased fibre intake, where there 
was a reduction in the ratio of fat:lean in the belly, however this was in response to an 
increase in the level of fermentable fibre in grower and finisher diets.  
 
Numerous authors have observed that pigs housed on bedding manipulate and chew some 
of the material (Lyons et al., 1995; Beattie et al., 1996; Honeyman, 2005; Scott et al., 
2006), and van Barneveld et al. (2003) quantified up to 10% of the total dietary intake of 
DL-housed pigs was bedding. The approximate nutritive value of cereal straw is 90% dry 
matter, 2 MJ/kg, 3% crude protein and 72% NDF (Sauvant et al., 2002). Therefore at 10% 
of  total  food  intake,  the  energy  and  protein  balance  received  by  the  pig  would  be 
significantly  altered.  Furthermore  the  absorption  of  nutrients  in  the  small  intestine  is 
reduced  when  fibre  intake  increases  because  the  rate  of  passage  of  digesta  increases 
allowing less time for nutrient absorption (Calvert, 1991; Low, 1993; Wenk, 2001).  
 
The following experiment was designed to test the hypotheses that: 
•  Growing pigs fed a diet diluted by the addition of wheat straw will have a reduced 
growth rate and a leaner carcass than pigs fed a control diet.  
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•  Growing  pigs  housed  on  straw  bedding  and  fed  the  control  diet  are  likely  to 
consume a significant amount of the bedding and therefore will have a growth rate 
and carcass composition similar to C-housed pigs fed the 9% added straw diet. 
•  Carcass fat distribution will differ between pigs with access to straw, via diet or 
bedding, and pigs without access to straw. In particular, pigs with access to straw 
will have less fat in the belly primal.  
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5.3.2 Methods 
 
5.3.2.1 Experimental Design 
This  experiment  was  a  2x2  factorial  design,  with  the  factors  being  floor  bedding  [  i) 
partially slatted concrete flooring (-) and ii) straw bedding (+)], and two dietary treatments 
based on straw [ i) commercial pig grower and finisher diet without straw (-) and ii) the 
same diet with 9% added wheat straw (+)]. The pigs were housed in groups of six within 
commercial grower - finisher pens from 8 - 24 weeks of age (20 - 120 kg LW). There were 
4 pens (24 pigs) per treatment. The treatments are listed below (Table 5.8).  
 
Table 5.8 Experimental treatments 
  Bedding
2 
Diet
1  (Bed+)  (Bed-) 
9% straw diet (St+)  St+Bed+  St+Bed- 
Control diet (St-)  St-Bed+  St-Bed- 
1Diet: + denotes 9% added wheat straw; - denotes control diet.  
2Bedding: + denotes the use of barley straw as bedding; - denotes partially slatted concrete flooring. 
 
5.3.2.2 Animals 
One hundred and ten pigs (Large White X Landrace) were obtained at weaning from a 
high-health-status commercial herd, as described previously (Chapter 2). On arrival, the 
piglets were weighed, individually identified and groups housed in conventional weaner 
facilities (described in Chapter 4.2.2.2.1) to eight weeks of age at which pigs were sorted 
by LW. Ten pigs were selected as spares and removed from the experimental group to pens 
where they were grown out to slaughter weight (Chapter 5.2.2.2). The experimental pigs 
were  stratified  by  LW  into  groups  of  six  and  allocated  to  one  of  the  four  treatments. 
Individual pig LW and feed allocated to each pen were recorded weekly. 
 
All pigs were slaughtered at a commercial abattoir at 24 weeks of age. The experimental 
pigs were slaughtered over two days. Prior to reaching slaughter age three pigs per pen (12 
per treatment) were randomly selected as sub-sample pigs from which viscera, carcass and 
meat quality data were collected. 
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5.3.2.3 Housing 
The grower-finisher pens were partially slatted concrete pens equipped with a single space 
feeder, as described in Chapter 2.2.1, and a swing drinker. The straw bedded pens were as 
described in Chapter 5.2.2.3. The straw pens were cleaned out twice a week and fresh 
bedding was added to maintain dry, clean, lying areas.  
 
5.3.2.4 Feeding 
Pigs were phase-fed ad libitum as described in Chapter 5.2.2.4. In short, all pigs were fed 
the same creep and weaner commercial diets. The experimental grower diets were fed to 
pigs from eight to 16 weeks of age and the finisher diets were fed from 16 to 24 weeks of 
age. The composition and the calculated analyses of the experimental diets are shown in 
Chapter 5.2.2.4 (Table  5.2).  Fresh, cool water  was available ad libitum. Apparent food 
intake per pig per day was estimated from the weekly feed allocation per pen. 
 
5.3.2.5 Slaughter  
All  pigs  were  slaughtered  at  a  commercial  abattoir  as  described  in  Chapter  2.3.  After 
slaughter,  viscera  were  collected  for  each  sample  pig.  The  viscera  were  separated  into 
various components, cleaned, patted dry with paper towel and weighed. The flare fat was 
collected and weighed.  
 
5.3.2.6 Carcass  
Carcass weight and backfat depth at the P2 site for each pig were collected by abattoir staff 
as described in Chapter 4.3.2.4. Twenty-four hours post slaughter, the right side of each 
carcass was divided into primal  cuts as described in Chapter 2.4.2, weighed, placed in 
plastic  bags,  boxed  and  frozen  until  required  for  compositional  analyses.  A  section  of 
longissimus dorsi (l. dorsi) (about 1 kg) was removed from the left side of the carcass, in a 
posterior direction, from the point of the last rib, for pork quality analyses. Dual x-ray 
absorptiometry (DXA) was used to determine the composition, that is, fat, lean and bone, of 
individual primals and total carcass sides (Suster et al., 2003).  
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5.3.2.7 Objective Pork Quality 
The percentage of IMF within the l. dorsi, in line with the last rib, was determined as 
described in Chapter 2.6.1. Objective pork quality was assessed following the methodology 
outlined in Chapter 2.7.  
 
5.3.2.8 Statistical analyses 
The  data  were  analysed  using  the  two-way  ANOVA  procedure  (Genstat  ©  2005,  8
th 
edition, Lawes Agricultural Trust). For growth performance data, pens were considered as 
the experimental unit, whereas for carcass and pork quality data, the individual pigs were 
considered  as  the  experimental  unit.  Live  weight  was  the  covariate  in  the  analyses  of 
viscera  and  carcass  composition  and  carcass  weight  was  used  as  the  covariate  in  the 
analyses of P2 depth. For the analyses of objective pork quality, the data were blocked by 
slaughter day because after slaughter the abattoir conditions can influence pork quality. The 
main effects in the model were diet and bedding, and the interaction between the two was 
assessed. The measure of variance in the analyses is presented as pooled standard error of 
the mean (SEM). Effects were considered significant if P≤0.05. If the P-value lay between 
P>0.05 and ≤0.100 then the effects were considered as trends. The relationships between P2 
depth  and  belly  composition  and  total  carcass  composition  analysed  by  simple  linear 
regression,  grouped  by  age.  Regression  analyses  were  also  performed  between  the 
biochemical  data  reported  in  5.2.3  and  the  growth  and  carcass  data  to  examine  the 
associations between the data.   
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5.3.3 Results 
 
5.3.3.1 Growth performance 
At 22 weeks of age, pigs fed the St+ diet were significantly heavier (P≤0.05) than pigs fed 
the St- diet, however for the majority of the experimental period LW gain of pigs was 
similar between treatments (P>0.100) and there was no main effect of diet and bedding or 
an interaction (P>0.100) (Figure 5.1). 
  
There was an effect of diet on ADG and apparent VFI. Between eight and 16 weeks of age, 
the period during which the grower diet was fed, the apparent VFI of pigs on the St+ diet 
was significantly higher compared to pigs fed the St- diet (P≤0.001). Subsequently, the 
estimated daily energy  intake per pig was significantly higher for pigs on the  St+ diet 
(P≤0.01). During this growth period it was noted that feed wastage appeared to be higher 
for pigs fed the St+ diet and this would have contributed to the increase in apparent VFI. A 
trend remained from 16 to 24 weeks of age, where more of the finisher diet was allocated to 
pigs fed the St+ diet (P≤0.100), however the estimated daily energy intake did not differ 
between treatments (P>0.100). Between 16 and 24 weeks of age ADG was significantly 
higher in pigs fed the St+ diet (P≤0.05). For the entire experimental period pigs fed the St+ 
diet were allocated more feed (P≤0.01) and therefore had a higher estimated daily energy 
intake  than  pigs  on  the  St-  diet  (P≤0.05).  There  was  no  effect  of  bedding,  nor  any 
interaction  between  bedding  and  diet  at  any  time,  for  any  of  the  growth  performance 
measures (P>0.100) (Table 5.9).   
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Figure 5.1 The effect of diet and bedding on average weekly live weight gain (kg) of growing pigs (n=4).  
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5.3.3.2 Slaughter data  
The  main  effects  of  diet  (P≤0.010)  and  bedding  (P≤0.05)  were  significant  for  LW  at 
slaughter of the sub-sample pigs. Pigs without access to straw (St-Bed-) were an average of 
4.5 kilograms lighter than pigs with access to one source of straw, via diet or bedding 
(St+Bed- or St-Bed+). Pigs fed the St+ diet and housed on straw bedding (St+Bed+) were 
on average 4.5 kg heavier than pigs with access to one source of straw and 9 kg heavier 
than pigs without access to straw. As a reflection of the results for LW, there was a trend 
for diet and bedding to influence CW (P=0.085, P=0.084 respectively) where carcasses 
from St+Bed+ pigs were an average of 6 kg heavier than carcasses from St-Bed- pigs. 
There were no significant effects of treatment on dressing percentage or P2 backfat depth 
(P>0.100) and there were no significant interactions between diet and bedding for any of 
the measures (P>0.100) (Table 5.10).   
 
For the most part the weight of the individual visceral components was not affected by diet 
or bedding treatments (P>0.100). There was a trend for pigs fed the St+ diet to have heavier 
spleens (P=0.086) and heavier full GI tracts (P=0.088), however the empty GI tract of pigs 
housed on bedding tended to be heavier  (P=0.085). There was a significant interaction 
between diet and bedding affecting the weight of the reproductive tracts, where pigs in the 
St+Bed+ treatment had significantly lighter tracts compared to pigs in the St+Bed- and St-
Bed+  treatment  groups  (P≤0.05).  There  was  a  significant  interaction  between  diet  and 
bedding for total viscera weight expressed as a percentage of CW (P≤0.05) where pigs from 
the St-Bed+ treatment had the highest percentage weight compared to pigs in the St-Bed- 
treatment (Table 5.11).   
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Table 5.9 The effect of diet and bedding on pig growth performance
# (n=4). 
  Treatment    Significance 
  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM  Diet
1  Bed
2  Diet*Bed 
8 to 16 weeks of age                 
ADG (kg/day  0.88  0.91  0.82  0.91  0.037  n.s  n.s  n.s 
VFI (kg/pig/day)  2.02
b  2.07
b  1.84
a  1.82
a  0.037  ***  n.s  n.s 
FCR (kg feed/kg gain)  2.87  2.85  3.08  2.58  0.279  n.s  n.s  n.s 
                 
Calculated MJ DE/pig/day  26.2
b  26.9
b  24.9
a  24.5
a  0.50  **  n.s  n.s 
                 
16 to 24 weeks of age                 
ADG (kg/day  0.82
b  0.84
c  0.75
a  0.78
ab  0.022  **  n.s  n.s 
VFI (kg/pig/day)  3.03  3.12  2.91  2.88  0.098  †  n.s  n.s 
FCR (kg feed/kg gain)  3.69  3.71  3.91  3.69  0.138  n.s  n.s  n.s 
 
               
Calculated MJ DE/pig/day  38.5  39.6  38.4  38.1  1.28  n.s  n.s  n.s 
 
               
8 to 24 weeks of age                 
ADG (kg/day  0.85  0.88  0.82  0.84  0.017  †  n.s  n.s 
VFI (kg/pig/day)  2.53
b  2.60
b  2.38
a  2.35
a  0.055  **  n.s  n.s 
FCR (kg feed/kg gain)  2.97  2.96  2.90  2.78  0.078  n.s  n.s  n.s 
                 
Calculated MJ DE/pig/day  32.5
ab  33.4
b  31.5
a  31.1
a  0.71  *  n.s  n.s 
                 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
 a,bdifferent superscripts within rows indicate significant difference, LSD 5%.   
1Diet = St+ vs St-. 
2Bed = Bed+ vs Bed-. 
St+ denotes 9% added wheat straw; St - denotes control diet.  
Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pen as the experimental unit 
# For all experimental pigs  
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Table 5.10 Carcass data for pigs raised from 8 to 24 weeks of age with or without straw bedding, fed a control or straw diluted diet (n=12
#). 
  Treatment    Significance 
  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM  Diet
1  Bed
2  Diet*Bed 
Final LW (kg)  115.1
b  119.0
c  110.4
a  114.4
b  1.59  **  *  n.s 
Carcass weight (kg)  78.5  81.5  76.4  78.5  1.45  †  †  n.s 
Dressing %  68.2  68.5  69.2  68.8  0.58  n.s  n.s  n.s 
P2 (mm)^  13.7  14.8  14.0  14.6  0.70  n.s  n.s  n.s 
P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.   
1Diet = St+ vs St-. 
2Bed = Bed+ vs Bed-. 
St+ denotes 9% added wheat straw; St - denotes control diet.  
Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit 
^ carcass weight as covariate. 
 
#Sub-sample pigs 
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Table 5.11 Viscera weights (kg)^ for pigs raised from 8 to 24 weeks of age with or without straw bedding, fed a control diet or a straw 
diluted diet (n=12
#). 
  Treatment    Significance 
  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM  Diet
1  Bed
2  Diet*Bed 
Flare  0.98  1.14  1.08  1.18  0.083  n.s  n.s  n.s 
Lungs   0.94  0.96  0.89  0.87  0.048  n.s  n.s  n.s 
Heart  0.38  0.38  0.36  0.37  0.013  n.s  n.s  n.s 
Liver  1.88  1.74  1.85  1.83  0.089  n.s  n.s  n.s 
Kidneys  0.67  0.36  0.42  0.65  0.223  n.s  n.s  n.s 
Spleen  0.18  0.17  0.15  0.16  0.008  †  n.s  n.s 
Gastro-intestinal tract (full)  7.04  7.36  6.75  6.59  0.291  †  n.s  n.s 
Gastro-intestinal tract (empty)  4.53  4.87  4.37  4.97  0.263  n.s  †  n.s 
Reproductive tract  0.54
b  0.44
a  0.48
ab  0.52
b  0.029  n.s  n.s  * 
Miscellaneous  1.60  1.54  1.57  1.69  0.073  n.s  n.s  n.s 
Total Weight
$  10.72  10.46  10.05  11.06  0.416  n.s  n.s  n.s 
                 
Total weight
$ (% of CW)  13.71
ab  13.00
ab  12.74
a  14.33
b  0.471  n.s  n.s  * 
^Live weight as covariate for all factors. 
$Total weight does not include flare  
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.  
 P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bed = Bed+ vs Bed-. 
St+ denotes 9% added wheat straw; St - denotes control diet.  
Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit 
#Sub-sample pigs 
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5.3.3.3 Carcass composition 
The main effects of diet and bedding did not affect the ratio of fat:lean in the carcass side 
and  quarter  primals  (P>0.100).  There  was  a  trend  for  an  interaction  between  diet  and 
bedding  to  affect  the  ratio  of  fat:lean  in  the  belly  primal  (P=0.072),  where  pigs  in 
treatments with one source of straw, either via diet or bedding, had a lower ratio of fat in 
the belly compared to pigs from the St+Bed+ and St-Bed- treatments groups (Table 5.12). 
 
Pigs fed the  St+ diet had a significantly higher percentage of bone in the carcass side 
(P≤0.001) because percent bone was significantly  higher in the shoulder, loin and ham 
primals (P≤0.001). For the ham primal, bedding also significantly affected percent bone, 
where pigs in the St-Bed+ treatment had a higher percentage of bone compared to pigs in 
the St-Bed- treatment group (P≤0.05). There was a trend for percent bone in the belly to be 
higher  in  pigs  with  access  to  straw  compared  to  pigs  in  the  St-Bed-  treatment  group 
(P≤0.100). The main effects of diet and bedding were not significant for percent fat and 
lean in the carcass and quarter primals (P>0.100). There were no interactions between diet 
and  bedding  for  carcass  composition  and  therefore  the  quarter  primal  composition 
(P>0.100), with the exception of the belly primal. The interaction between diet and bedding 
indicated that there was a trend for the percent fat to be lower (P=0.086), and percent lean 
higher (P=0.086), in the bellies of St+Bed- and St-Bed+ pigs compared to bellies from St-
Bed- pigs. There was no effect of diet or bedding, nor an interaction, on percent IMF in the 
l. dorsi (P>0.100) (Table 5.13).  
 
5.3.3.4 Objective pork quality 
Shear force, fresh pork colour and pHu were not affected by diet or bedding treatments 
(P>0.100). There was a main effect of diet (P≤0.05) and an interaction between diet and 
bedding (P≤0.01) on percent drip loss, where pork from pigs that had access to straw in the 
diet and as bedding had significantly higher percentage drip loss compared to pork from 
pigs that had access to one source of straw or no access to straw at all. There was a main 
effect of bedding on percent cook loss where pork  from pigs housed on concrete slats 
without bedding (Bed-) had a higher percentage cook loss compared to pigs housed on 
straw bedding (P≤0.05) (Table 5.14).    
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Table 5.12 The fat to lean ratio^, as determined by dual X-ray absorptiometry, for the carcass side and primals of pigs raised from 8 to 24 
weeks of age with or without straw bedding, fed a control diet or a straw diluted diet (n=12
#). 
  Treatment    Significance 
  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM  Diet
1  Bed
2  Diet*Bed 
Total side  0.28  0.31  0.33  0.29  0.022  n.s  n.s  n.s 
Shoulder  0.21  0.21  0.24  0.22  0.011  n.s  n.s  n.s 
Loin  0.41  0.46  0.45  0.40  0.035  n.s  n.s  n.s 
Belly  0.49  0.59  0.61  0.55  0.045  n.s  n.s  † 
Ham  0.20  0.21  0.24  0.21  0.015  n.s  n.s  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%. P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bed = Bed+ vs Bed-. 
St+ denotes 9% added wheat straw; St - denotes control diet.  
Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, pig as the experimental unit 
^ Live weight as covariate in analyses 
#Sub-sample pigs  
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Table 5.13 Carcass composition^, as determined by dual X-ray absorptiometry, expressed as percent fat, lean and bone, for the carcass side 
and quarter primals of female pigs raised from 8 to 24 weeks of age with or without straw bedding, fed a control diet or a straw diluted diet 
(n=12
#).
 
  Treatment    Significance 
  St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM  Diet
1  Bed
2  Diet*Bed 
Total side                 
Fat %  18.2  19.6  20.8  19.0  1.10  n.s  n.s  n.s 
Lean %  65.5  64.1  64.3  65.9  1.09  n.s  n.s  n.s 
Bone %  16.3
b  16.3
b  15.0
a  15.1
a  0.21  ***  n.s  n.s 
                 
Shoulder                 
Fat %  14.0  14.1  15.7  14.3  0.62  n.s  n.s  n.s 
Lean %  66.2  66.2  65.4  66.7  0.64  n.s  n.s  n.s 
Bone %  19.8
b  19.7
b  18.8
a  19.0
a  0.16  ***  n.s  n.s 
                 
Loin                 
Fat %  23.8  25.8  26.0  24.3  1.43  n.s  n.s  n.s 
Lean %  59.6  57.8  59.1  61.2  1.36  n.s  n.s  n.s 
Bone %  16.6
b  16.5
b  14.8
a  14.5
a  0.39  ***  n.s  n.s 
                 
Belly                 
Fat %  29.5  32.7  33.7  31.6  1.60  n.s  n.s  † 
Lean %  60.7  57.5  56.6  58.6  1.55  n.s  n.s  † 
Bone %  9.8
  9.8
  9.7
  9.8
  0.06  †  n.s  n.s 
                 
Ham                 
Fat %  13.9  14.7  16.3  14.5  0.85  n.s  n.s  n.s 
Lean %  69.9  68.9  68.6  69.8  0.82  n.s  n.s  n.s 
Bone %  16.3
c  16.4
c  15.2
a  15.7
b  0.18  ***  *  n.s 
                 
Intramuscular fat percentage of Longissimus dorsi 
% IMF^  1.15  1.62  1.53  1.44  0.197  n.s  n.s  n.s 
a,b,cdifferent superscripts within rows indicate significant difference, LSD 5%.  P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bed = Bed+ vs Bed-. 
•  St+ denotes 9% added wheat straw; St - denotes control diet.  
•  Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean Analysed by two-way ANOVA, pig as the experimental unit; ^ Live weight as covariate in analyses; 
#Sub-sample pigs  
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Figure 5.14 The effect of diet and floor type on objective pork quality of the longissimus dorsi.  
    Treatment    Significance 
    St+Bed-  St+Bed+  St-Bed-  St-Bed+  SEM  Diet
1  Bed
2  Diet*Bed 
WB Shear Force (kg)    6.12  5.23  6.03  5.87  0.43  n.s  n.s  n.s 
Colour  L*  53.2  53.0  51.5  53.2  1.07  n.s  n.s  n.s 
  a*  6.07  6.51  5.79  5.61  0.358  n.s  n.s  n.s 
  b*  4.21  4.66  3.99  4.15  0.283  n.s  n.s  n.s 
pHu    5.72  5.67  5.73  5.71  0.036  n.s  n.s  n.s 
Drip loss (%)    2.03
a  2.59
b  2.08
a  1.88
a  0.022  *  n.s  ** 
Cook Loss (%)    34.0
b  33.3
ab  33.8
ab  32.7
a  0.41  n.s  *  n.s 
a,bdifferent superscripts within rows indicate significant difference, LSD 5%.  P≤0.001: ***; P≤0.01: **; P≤0.05: *; P≤0.100: †; P>0.100: n.s. 
1Diet = St+ vs St-. 
2Bed = Bed+ vs Bed-. 
•  St+ denotes 9% added wheat straw; St - denotes control diet.  
•  Bed+ denotes the use of barley straw as bedding; Bed - denotes partially slatted concrete flooring. 
SEM: pooled standard error of mean 
Analysed by two-way ANOVA, blocked by slaughter day, pig as the experimental unit 
#Sub-sample pigs  
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5.3.3.5 Relationships between the carcass data 
Variance  in  percent  carcass  fat  was  explained  reasonably  well  by  P2  depth  (r
2=48%) 
however P2 was not a good predictor of percent belly fat (r
2=21%) (Table 5.15).  
 
Table 5.15 Simple linear regressions relating the carcass composition to P2 backfat depth 
in pigs housed +/- straw bedding and +/- 9% straw in the diet.  
  Response 
variate  Intercept  Regression 
co-efficient  s.e.*  R
2 
Carcass  %fat  4.43  1.06  2.58  0.48 
Belly  %fat  16.7  1.07  4.43  0.21 
*s.e. Standard error of the observations 
 
5.3.3.6 Relationships between biochemical data and carcass data 
There were few regressions between the carcass data and the biochemical data reported in 
Chapter 5.2.3 that were significant. For those that were the correlation coefficients were 
very weak, less than 12%, therefore the data have not been presented.   
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5.3.4 Discussion 
The current study tested the hypothesis that the ingestion of straw by growing pigs, via 
either diet or bedding, causes differences in growth and differences in the content and 
distribution of fat within the carcass. The results found no effect of treatment on total 
carcass fat content, however there were differences in the percentage of fat in the belly 
primal, indicating that there were differences in the distribution of carcass fat. 
 
5.3.4.1 Growth performance 
Dietary  fibre  cannot  be  considered  as  a  uniform  chemical  constituent  with  constant 
nutritional effects (Noblet and LeGoff, 2001). The digestibility of fibre for pigs varies 
widely  depending  on  source,  as  some  fibre  types,  such  as  sugar  beet  pulp,  contain 
higher  levels  of  soluble  fractions  and  lower  levels  of  lignin  and  are  more  readily 
fermented by bacteria in the hind-gut. Lignin is almost completely undigested in the pig 
and reduces the digestibility of other components in the fibre fraction such as NSP. 
Cereal straw, such as wheat and barley straw, has a high content of lignin and is highly 
indigestible  therefore  does  not  contribute  energy  to  growing  pigs  (Chabeauti  et  al., 
1991; Schrama and Bakker, 1999; Noblet and Le Goff, 2001). There were very few 
effects of treatment on growth performance. It was expected that pigs on the St+ diet 
would have had reduced growth rates as the added wheat straw would have diluted the 
nutritional value, in particular the availability of energy and protein, of the diet (Calvert, 
1991; Chabeauti et al., 1991; Sauer et al., 1991; Knowles et al., 1998). Furthermore, 
increased consumption of fibre increases the rate of passage of digesta through the small 
intestine. For pigs, the small intestine is the site where intensive endogenous digestion 
occurs and most available nutrients are absorbed (Wenk, 2001), therefore increased rate 
of passage reduces nutrient absorption (Calvert, 1991; Low, 1993; Wenk, 2001).  
 
The negative effects of fibre on growth rate were expected to be the greatest during the 
grower growth phase (from 8 to 16 weeks of age) because the ability of pigs to digest 
fibre increases with LW and age (Noblet and Le Goff, 2001). It is the general view that 
fibre levels in excess of 7 to 10% of the diet will result in a negative impact on growth 
in growing pigs (Kass et al., 1980; Calvert, 1991). The growing pig has the ability to 
adjust food intake in order to maintain energy intake (Campbell and Taverner, 1986; 
Low, 1993) but this response is limited by the physical capacity of the pig to consume 
enough food (Calvert, 1991). Håkansson et al. (2000) found female growing pigs fed 
diets diluted with 8 and 16% wheat straw (7.3 and 9.4% CF respectively) were able to  
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compensate for the reduced energy density of the diets by increasing food intake. In the 
current experiment the growth rates of pigs fed diets with added straw were similar to 
those of pigs fed the commercial diet.  
 
The  apparent  VFI  was  higher  in  pigs  fed  the  St+  diet.  Wastage  was  unable  to  be 
measured, but it was regularly observed that wastage of the St+ grower diet appeared 
higher compared to the St- grower diet. The similarity in LW gain between pigs fed the 
different diets indicates that actual food intake was higher for pigs fed the St+ diet, 
allowing  them  to  compensate  for  lower  nutritional  density  of  that  diet  and  hence 
maintain growth. The estimated daily energy intake of pigs fed the control diet (St-) was 
on average lower than that of pigs fed the St+ diet. Keeping in mind diet wastage, and 
considering pigs fed the St+ diet were heavier than pigs in the St-Bed- treatment group, 
it can be concluded that the energy intake of pigs fed the nutritionally diluted straw diet 
was similar or possibly exceeded that of pigs fed the control diet.  
 
There were no differences between treatments in apparent FCR even though the St+ diet 
had a lower nutrient density than the control diet. The experiment was conducted during 
the winter months (mid May to early September 2005) and although the experimental 
facility was an insulated, conventional pig shed, there was no heating and overnight 
temperatures were often low (see Appendix 2c). Diets containing fibrous materials have 
a higher heat increment associated with the extra cost of their digestion and metabolism 
(Lee and Close, 1987). In a cool environment the additional HP may be used to meet the 
pig’s elevated maintenance needs (Varel and Yen, 1997; Noblet and Le Goff, 2001), 
sparing  other  nutrients  for  tissue  growth  (Stahly  and  Cromwell,  1986).  Stahly  and 
Cromwell  (1986)  demonstrated  that  the  nutritional  value  of  fibrous  foodstuffs  was 
greater for pigs housed in cool environments by feeding high-fibre diets to pigs housed 
in cold, thermoneutral and warm environments. The authors found that the high-fibre 
diet, depressed daily gains by only 1% in pigs housed in the cold environment and 3% 
and  5%  respectively  for  pigs  housed  in  the  thermoneutral  and  warm  environments. 
Cereal straw however is highly lignified, poorly digested, and therefore in the current 
experiment, the additional HP via the digestion of the St+ diet would be small however 
may still be significant as the higher plasma acetate concentration in pigs with access 
straw, via diet and bedding, reported in Chapter 5.2 suggests higher levels of bacterial 
fermentation  in  the  hind  gut  (Yen  et  al.,  2004)  had  occurred.  The  digestion  and 
absorption of nutrients results in HP and the level can differ between food sources and  
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the volume of food ingested (van Milgen and Noblet, 2003). Pigs fed the St+ diet had 
higher apparent VFI and hence higher daily energy intake compared to pigs fed the St- 
diet. It may be that the digestion of the higher volume of food resulted in greater HP 
which was then utilised to meet the animal’s energy requirements for thermoregulation, 
sparing additional energy for growth and allowing pigs fed the St+ diet to be as efficient 
as pigs fed the St- diet.  
 
 Pigs housed in groups, on straw bedding, have a LCT of 11.5 to 13 
oC in comparison to 
pigs housed in groups on concrete, where the LCT is 19 to 20 
oC (Verstegen and van 
der  Hel,  1974).  For  each  experimental  day  the  minimum  ambient  temperature  was 
below 19 
oC and on 68 days (out of the total 114 days) the maximum temperature did 
not reach 19 
oC. Straw acts as an insulator, therefore the heat lost by the pig to the 
environment is reduced in comparison to heat lost by pigs housed on concrete floors, 
leaving more energy available for growth.  
 
5.3.4.2 Slaughter data 
There was no significant effect of treatment on the average LW of pigs at 24 weeks of 
age however pigs without access to straw were an average of three to six kilograms 
lighter than pigs from the other treatment groups. There was a significant impact of the 
main effects of bedding and diet on the LW of the randomly selected sub-sample pigs. 
Pigs with access to two sources of straw (St+Bed+) were five kilograms heavier than 
pigs with access to one source of straw, and nine kilograms heavier than pigs without 
access to straw. These results suggest an additive effect of diet and bedding on LW 
gain. Jørgensen et al. (1996) found that increased LW in pigs fed high-fibre diets could 
be explained by increased gut fill and increased weight of the GI tract, resulting in lower 
dressing percentages than pigs fed low fibre diets (Stahly and Cromwell, 1986). Just 
(1982, 1984) calculated in 90 kg Danish Landrace pigs, for each percentage increase in 
dietary CF there was an average increase in gut fill of about 0.4 kg. Given that pigs 
consume a significant amount of bedding (van Barneveld et al., 2003), it is likely pigs 
housed on fibrous bedding also have increased gut fill, therefore explaining why pigs 
housed  in  DL  systems  are  often  found  to  have  lower  dressing  percentages  than  C-
housed  pigs  (Sargent,  2001;  Guy  et  al.,  2002;  Honeyman  and  Harmon,  2003).  In 
contrast, for the current experiment there was a trend for the main effects of diet and 
bedding  to  affect  CW  in  a  similar  manner  to  their  effects  on  LW.  There  were  no 
treatment differences in carcass dressing percentages, indicating that pigs with access to  
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straw had greater carcass gain over the same growth period compared to pigs without 
access to straw. However, the higher LW of pigs with access to straw was only partially 
explained by increased tissue deposition in the carcass because pigs fed the St+ diet had 
more gut fill and pigs in the St-Bed+ treatment had greater viscera weights relative to 
CW.  
 
Backfat thickness at the P2 site was not affected by treatment and is in agreement with 
the results reported in Chapters 3.3 and 4.3, and the reports of Lyons et al. (1995) and 
Dunshea et al. (2005) where there was no significant effect of C versus straw-bedded 
housing (DL housing or enriched C housing) on backfat thickness. Alternately, Beattie 
et al. (2000) and Millet et al. (2004) found that pigs housed in straw-bedded pens, and 
Gentry et al. (2002), Honeyman and Harmon (2003) and Johnston et al. (2005) found 
that pigs raised in DL housing, all had thicker backfat than C-housed pigs. Changes to 
the  ratio  of  energy:protein  in  the  pig’s  diet  affects  tissue  deposition  and  therefore 
carcass lean and fat. For the current experiment, the addition of wheat straw to the diet 
reduced the energy and protein content but would not have significantly altered the ratio 
of energy:protein in the diet. Therefore the increase in food intake by pigs fed the St+ 
diet did not increase backfat and, and as discussed later in this chapter, also did not 
affect total carcass composition.  
 
The increased LW and CW of pigs with access to straw, and the similarities between 
treatments  in  dressing  percentage  and  P2,  support  the  earlier  conclusion  that  the 
inclusion of 9% wheat straw in the grower and finisher diets was low enough for the 
pigs  to  compensate,  via  increased  food  intake.  The  similarities  in  LW  and  carcass 
results for pigs in the St+Bed- and St-Bed+ treatments suggest that the energy available 
for growth was similar between the two treatments. Pigs fed the lower energy St+ diet 
were able to maintain energy intake by increasing food intake, while pigs housed on 
straw  bedding  were  likely  to  have  lower  energy  requirements  for  thermoregulation 
because of the insulating properties of straw. This conclusion was supported by the LW 
results for St+Bed+ pigs where the effects of straw in the diet and as bedding were 
additive, indicating that the energy available for growth was even higher for pigs in this 
treatment. 
 
There was no effect of diet, bedding or their interaction on the weight of most of the 
individual visceral components. There was a trend for pigs fed the St+ diet to have  
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heavier spleens and a trend for pigs housed on straw bedding to have heavier GI tracts 
(empty). Results of Chapters 3.3 and 4.3 found that DL-housed pigs had larger spleens 
than C-housed pigs. The spleen acts as a filter against foreign organisms in the blood, 
such as fungi and bacteria, and organs with such a function tend to increase in size 
relative to their workload (Johnson et al., 1990; Sainz and Bentley, 1997). Previously it 
was concluded that the increased spleen size was related to differences in air quality 
between housing systems. It was expected that pigs bedded on straw would have higher 
spleen weights compared to pigs housed on concrete, however the results showed that 
pigs fed the St+ diet had higher spleen weights and that there was no effect of bedding. 
The pellets of the St+ grower diet were easily broken down, therefore the pigs eating 
this diet may have been exposed to higher levels of dust compared to pigs fed the St- 
diets, possibly increasing the filtering requirements of the spleen. There was a trend for 
pigs housed on straw bedding to have the heaviest GI tracts and pigs without access to 
straw to have the lightest GI tracts. The intake of high-fibre diets causes a significant 
extension of the pig’s GI tract (Jørgensen et al., 1996) in response to the increased 
volume of digesta and the increased secretion of digestive fluids (Wenk, 2001). A likely 
explanation for pigs on the straw bedding having heavier GI tracts than pigs fed the 
straw  diet  is  the  physical  differences  between  the  two  straw  sources.  Fibre-rich 
feedstuffs are bulky (Schrama and Bakker, 1999) and it is likely that straw sourced from 
the bedding resulted in greater digesta and faecal bulk than straw sourced from the diet, 
which had been ground to a smaller particle size. The increased GI tract weights of pigs 
in the Bed+ treatment groups provides further evidence, that in the current study, pigs 
housed on straw bedding consumed a significant amount of that bedding. 
 
There  was  a  significant  interaction  between  diet  and  bedding  on  the  weight  of  the 
reproductive tract. The results in Chapters 3.3 and 4.3 showed that at 24 weeks of age 
pigs  housed  in  DL  systems  for  a  significant  period  during  growth,  had  heavier 
reproductive tracts than pigs raised entirely in C housing. In spite of this, the results for 
the current experiment were not consistent with access to straw. Pigs in the St+Bed+ 
treatment group, with access to two sources of straw, had the lightest reproductive tracts 
whilst pigs with access to only one source of straw had the heaviest tracts. The onset of 
puberty is in part related to LW (Close and Cole, 2000) and heavy gilts display puberty 
earlier  than  lighter  gilts  (King,  1989).  In  modern,  lean,  commercial  gilts,  puberty 
normally  occurs  at  about  24  to  28  weeks  of  age  (Close  and  Cole,  2000).  Severe 
nutritional restriction can delay the onset of puberty  however it is unlikely that the  
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consumption of straw via diet and bedding sufficiently  reduced  energy  and nutrient 
intake  to  an  extent  which  would  affect  development  of  the  reproductive  tract, 
particularly as there was no negative effects of straw on growth. During the oestrus 
cycle there are changes in the cellularity and vascularity of the uterine mucosa (Almond, 
1993) and a pattern of thickening of the uterus lining and changes in the weight of the 
uterus  occur.  Behavioural  observations  of  the  pigs  were  not  recorded,  however  a 
possible explanation for the St+Bed+ pigs having the lightest reproductive tracts, yet the 
heaviest LW, may be that these pigs attained puberty earlier than the lighter weight pigs 
from other treatment groups, and therefore at slaughter the phase of the reproductive 
cycle in which the pigs were at differed. Straw does not appear to have a direct effect on 
the development of the reproductive tract and therefore the differences found between 
C- and DL-housed pigs in Chapters 3.3 and 4.3 are likely explained by other factor(s) 
that vary between the two housing systems.  
 
5.3.4.3 Carcass data 
The hypothesis that pigs fed the St+ diet and pigs housed on straw bedding would be 
leaner than pigs without access to straw was not supported as the main effects of diet 
and bedding, and their interaction, did not affect the percentage of fat and lean in the 
carcass. The inclusion of high levels of DF generally reduces carcass fat, primarily in 
response to the reduction in dietary energy availability (Just, 1984; Low, 1993; Knowles 
et al., 1998; Shriver et al., 2003). Håkansson et al. (2000) fed diets diluted with wheat 
straw (9.4% CF) to female pigs and found that although VFI of pigs on the straw diets 
was  increased,  lean  meat  percentage  was  higher  and  backfat  thickness  was  lower 
compared to pigs fed the control diet (4.5% CF). In contrast the current study, which 
tested similar levels of CF in the St+ diets as tested by Håkansson et al. (2000) (9.5 and 
9.7% CF in the grower and finisher, respectively, compared to 6.6 and 6.8 % CF in the 
grower and finisher control diets), did not show an effect of diet on the deposition of 
total fat and lean tissue. Similarly there was no difference in tissue deposition between 
pigs that had no access to straw and pigs housed on straw bedding, which was ingested 
at significant levels. These results are in agreement with those in Chapter 3.3 where 
carcass composition was similar for pigs raised in C and DL housing  systems. The 
results in Chapter 4.3 however, found pigs finished in DL housing were leaner than pigs 
finished in C housing, similar to the hypothesis for the current experiment. The carcass 
composition results further support the conclusion that nutrient availability to the pig for 
growth, and therefore tissue deposition, was similar between treatments.   
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Dietary fibre can provide a source of energy to the growing pig via the metabolism of 
SCFA (Low, 1993). Depending on the fibre source, dietary fibre can contribute up to 
30% of the maintenance requirements of growing pigs (Varel and Yen, 1997). However 
it is unlikely that the ingestion of wheat straw, from the St+ diet, or the barley straw 
bedding, provided energy to the pigs. Again, it is likely that elevated food intake and/or 
the reduced maintenance requirements of pigs fed the St+ diet and/or housed on straw 
bedding allowed these pigs to have similar growth and similar tissue deposition to pigs 
which did not have access to straw.  
 
Pigs fed the St+ diet had a higher total percentage of bone, which was due to higher 
percentages of bone in the shoulder, loin and ham. The composition of the diets prior to 
the addition of straw was identical. Calcium, phosphorus and magnesium are involved 
in bone development (Högberg et al., 1998) and cereal straw contains negligible levels 
of each of these minerals (Ewing, 1997). There was not an increase in percent bone for 
pigs in the St-Bed+ treatment, given that they may have consumed a significant amount 
of  straw  bedding,  and  for  that  reason  it  can  be  concluded  that  the  straw  did  not 
contribute  directly  to  the  increase  in  percentage  bone.  Differences  in  the  percent 
calcium and phosphorus content between the experimental diets were small (see Table 
5.2) and therefore elevated levels of food intake would have resulted in higher total 
mineral intake, potentially explaining the higher bone mass in pigs fed the St+ diet. 
There was an interaction between diet and bedding for percent bone in the ham, where 
pigs in the St-Bed+ treatment had higher percent bone than pigs in the St-Bed- group. 
Pigs in enriched and DL environments are more active than pigs housed in barren and C 
environments (Lyons et al., 1995; Beattie et al., 1996; Cox and Cooper, 2001; Sargent, 
2001) and activity or exercise contributes to increased bone mass in pigs (Petersen et 
al., 1998a). If pigs housed on the straw bedding were more active, then this may have 
contributed to the higher percentage of bone in the ham.  
 
The hypothesis that the ingestion of straw  would affect  carcass  fat distribution was 
supported in part where pigs with access to straw via diet or bedding tended to have less 
fat and more lean in the belly compared to pigs in the St-Bed- treatment. This result is 
supported by the biochemical data from the same animals reported in Chapter 5.2 where 
pigs fed the St+ diet had a strong trend (P=0.057) for higher ACoACBX activity in 
belly fat. It can be concluded that the elevated activity occurred because fat deposition  
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was lower, and therefore the dilution of enzyme activity per gram of fat tissue was less, 
compared to pigs that deposited more fat at this site. Pigs housed on straw bedding had 
a strong trend (P=0.055) for lower ratio of SFA:UFA in belly fat compared to pigs 
housed on concrete slats (Chapter 5.2), also indicating lower fat deposition in the belly. 
The ratio of SFA in fat tissue increases with increasing fat deposition because a greater 
proportion  of  the  FA  deposited  originate  from  de  novo  FA  synthesis,  of  which  the 
production of SFA predominates (Wiseman and Agunbiade, 1998). The current data 
also agrees with results in Chapters 3.3 and 4.3, where pigs finished in DL housing had 
less fat in the belly primal.  
 
The  proportion  of  fat  deposited  in  the  belly  primal  increases  significantly  with  age 
relative to the amount of fat deposited in other primals (D’Souza et al., 2004), therefore 
changes to fat deposition during the finisher period can have a greater effect on fat 
accretion in the belly relative to other carcass sites. This was demonstrated by Suster et 
al. (2005) where pigs treated with pST had reduced overall carcass fatness, but the 
effect  was  more  pronounced  in  the  belly  compared  to  the  total  carcass  and  other 
primals. Several studies have reported changes in the composition of belly primal when 
diets of different fibre levels were offered. Kreuzer et al. (2002) found small decreases 
in the ratio of fat to lean in belly tissue when growing pigs were fed increasing levels of 
fermentable DF. Similarly, Hansen et al. (2006) found that pigs restrictively fed but 
supplemented with ad libitum access to roughage, had lighter belly primals, because of 
reduced fat content, compared to pigs fed diets ad libitum. Likewise, Shurson et al. 
(2001) found that the thickness of the belly primal was reduced when DF was increased 
via the addition of distiller’s dried grains. A reduction in the energy intake of pigs, and 
therefore less  excess energy  available for fat deposition, may  explain differences in 
belly composition, however for the current experiment growth rates between treatments 
were similar.  
 
Of the studies referred to, the belly was not the primary focus of the investigations and 
therefore reasons for the differences in belly composition were not discussed. The St+ 
diet may have affected the composition of the belly primal via the effect of increased 
HP of the digestion of higher volumes of feed and to a small extent increased HP from 
the fermentation of higher levels of DF.  Fat tissue plays a significant role in thermal 
insulation (Kvadsheim and Folkow, 1997) and there may have been a redistribution of 
fat away from the belly in order to facilitate heat loss. Environmental temperature can  
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directly  influence  the  distribution  of  fat.    Pigs  fed  ad  libitum  and  housed  in  cool 
environments have more fat in the subcutaneous depot compared to pigs raised in hot 
environments  (Sugahara  et  al.,  1970;  Lefaucheur  et  al.,  1991;  Rinaldo  et  al.,  2000; 
Kouba et al., 2001). Chapters 3.3 and 4.3 also found that belly fat was lower in DL-
housed pigs compared to C-housed pigs. There may have been a small increase in HP in 
response to the ingestion of bedding which may have affected the distribution of belly 
fat, however it is more likely that the direct physical effect of straw bedding influenced 
the level of belly fat. As previously discussed (Chapter 3.3.4.1), pigs housed on straw 
bedding have a lower LCT compared to pigs housed on concrete slats because the heat 
lost to the environment is reduced. Pigs on straw bedding therefore would not require as 
much fat in the belly to insulate against heat loss as pigs housed on concrete slats.  
 
5.3.4.4 Pork Quality 
Diet, bedding and their interaction did not significantly affect the percent IMF of the l. 
dorsi. However, the differences in average percent IMF between St+Bed- pigs (1.14%) 
and St-Bed+ pigs (1.44%) compared to the St-Bed- pigs (1.53%) and St+Bed+ pigs 
(1.62%) may have been large enough to affect eating quality. Fernandez et al. (1999) 
reported  that  taste  panellists  comparing  pork  from  different  categories  of  %IMF 
identified the texture of pork with 1.5-2.5% IMF as being more favourable than pork 
with <1.5% IMF.  
 
Diet,  bedding  and  their  interaction  did  not  affect  pork  tenderness,  as  indicated  by 
Warner-Bratzler shear force, pork colour or pHu. However there was a main effect of 
diet and an interaction between diet and bedding on percent drip loss. Pork from pigs 
with access to straw, either via the diet or bedding, had higher drip loss compared to 
pork from pigs without access to straw, which is in agreement with Johnston et al. 
(2005) where drip loss was higher in pork from DL-housed compared to C-housed pigs. 
In addition, Enfält et al. (1997), Bee et al. (2004) and Lebret et al. (2006) found drip 
loss was higher in pork from pigs raised outdoors compared to pigs raised in C housing. 
Alternately,  others  have  found  percent  drip  loss  was  higher  in  pigs  housed  in  C 
environments (Klont et al., 2001; Lambooij et al. 2004).  
 
Percentage drip loss indicates the water holding capacity (WHC) of meat. The extent of 
drip loss can be attributed to different degrees of denaturation of the proteins (Warriss, 
1982), which increases with lower pHu. High percentage drip loss of pork from outdoor  
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or  DL-housed  pigs  compared  to  pork  from  pigs  raised  conventionally  has  been 
explained by lower pHu (Bee et al., 2004; Johnston et al., 2005; Lebret et al., 2006), 
however the rate of pH decline also affects WHC. A fast rate of decline results in low 
muscle pH at high temperatures which increases the severity of protein denaturation 
(Warriss, 1982; Lawrie, 1998). In the current experiment, the pH was measured at 24 
hours  post-slaughter,  when  pHu  was  attained,  therefore  the  rate  of  pH  decline  was 
unable to be determined. However, it is likely that the rate of decline contributed to the 
difference in drip loss between treatments, even though pHu was similar. Comparable 
results were found between pork from outdoor and C housing systems, where there was 
no difference in pHu yet drip loss was higher in outdoor-reared pigs (Beattie et al., 
2000; Gentry et al., 2002b). After death, post-mortem glycolysis proceeds and the pH of 
the muscle drops until the production of lactic acid from glycolysis ceases and pHu is 
attained. It has been hypothesised that there are differences in the muscle glycogen store 
and differences in muscle glycogen consumption pre-slaughter between C- and DL- or 
outdoor-reared pigs (Enfält et al., 1997; Klont et al., 2001; Lebret et al., 2006). This 
results in differences in the glycolytic potential of the muscle which affects the rate and 
extent of pH decline. While there was an effect of treatment on percent drip loss the 
results were within reasonable limits, less than 8% drip loss (Joo et al., 1995), and 
therefore pale soft exudative pork was not an issue from pigs that had access to straw.  
 
5.3.4.5 Relationships between carcass data 
Backfat depth at the P2 site was a reasonable predictor of total carcass composition 
(r
2=48%),  suggesting  that  P2  is  a  good  predictor  of  carcass  composition.  Backfat 
thickness was not a good predictor of percent fat in the belly however (r
2=21%) which 
is in agreement with the findings of Chapter 4.3.3 and Chang et al. (1996), suggesting 
that P2 would not be a good indicator of belly composition. However these results are in 
contrast to the results reported in Chapters 3.3 and 4.3 where the correlation coefficient 
was greater than 50%. correlated to belly composition.  
 
5.3.4.7 Conclusion 
Pigs housed on straw bedding consume a significant amount of that bedding, and the 
similarities between results of pigs fed the diet diluted by 9% wheat straw and pigs fed 
the control diet and housed on bedding indicate that the consumption of bedding was 
similar to 9% of the total intake. The addition of 9% straw to the grower and finisher 
diets was at a level which did not negatively impact growth performance, and in fact  
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had a positive influence on LW at slaughter. Straw ingestion positively affected carcass 
quality, by reducing the proportion of fat in the belly primal, but negatively affected 
pork  quality  by  increasing  drip  loss.  Straw  ingestion  affects  growth  performance, 
carcass quality and pork quality and though not directly measured in this study, it is 
likely that the physical properties of straw, as bedding, also influenced growth, carcass 
and pork quality and explains a significant portion of the differences found between 
pigs housed in C and DL production systems in Chapters 3 and 4. 
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5.4 General discussion of Experiment 3a and 3b 
Experiment 3a and 3b investigated the effects of straw on fat deposition and tested the 
hypothesis that pigs housed conventionally and fed a diet with 9% added wheat straw, 
and pigs housed on barley straw bedding and fed a control diet, would have similarities 
in growth, lipogenic rate and carcass composition. It was also hypothesised that pigs 
with  access  to  straw  via  diet  and/or  bedding  would  be  leaner  than  pigs  housed 
conventionally  and  fed  a  control  diet.  Pigs  fed  the  St+  diet  had  higher  ACoACBX 
activity in backfat and a similar trend occurred in belly fat, and pigs housed on straw 
bedding had a lower ratio of SFA:UFA in belly fat. These results suggest that there was 
an  effect  of  straw,  via  ingestion  and  as  bedding,  on  the  rate  of  lipogenesis  in  the 
growing pig. There was also an effect of straw on growth where LW at slaughter were 
higher for pigs fed the St+ diet and/or housed on straw bedding. Total carcass fat did not 
differ between treatments, therefore pigs with access to straw were not leaner than pigs 
without straw but in spite of this there was a trend for straw to affect fat distribution. 
Pigs with access to straw had a lower ratio of fat:lean in the belly primal compared to 
pigs that did not have straw (P=0.072).  
 
Fat  deposition  in  the  belly  occurs  later  in  growth  compared  to  the  other  primals 
(D’Souza et al., 2004), therefore belly composition is likely to be more sensitive to 
changes  in  energy  availability  for  fat  deposition.  The  effects  of  straw  ingestion  on 
lipogenesis and fat deposition may have occurred via the effects of DF on the dilution of 
dietary energy density. Pigs were able to compensate for the dilution of energy and 
nutrients by increasing VFI, therefore growth was not affected. Fat acts as an insulator, 
therefore increased HP of digestion in response to the higher level of feed consumed 
may have had a localised effect on fat distribution resulting in less fat in the belly in 
order to facilitate heat loss. There may have been an additional effect of increased DF 
intake on increased HP, however it is likely that the contribution was small because, in 
the  pig,  straw  is  poorly  fermented.  Furthermore  straw  has  insulating  properties  and 
therefore pigs housed on bedding would have less requirement for fat in the belly primal 
compared to pigs housed on concrete slats to reduce conductive heat loss. In addition, in 
cool  environments,  the  thermal  properties  of  straw  bedding  are  likely  to  reduce  the 
energy  requirements  of  pigs  for  thermoregulation  compared  to  pigs  in  the  Bed- 
treatments, sparing more energy for growth.    
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Similarities in plasma acetate, growth and carcass of pigs fed the 9% added straw diet 
and pigs fed the control diet and housed on bedding, indicated that pigs consumed a 
significant amount of bedding. This was confirmed by the heavier GI tract weights of 
pigs in the Bed+ treatment groups. 
 
Straw source, as bedding or via the diet, was confounded by the type of cereal straw. 
Barley and wheat straw are the common types of cereal straw used in commercial deep-
litter  systems,  however  barley  straw  is  preferred  as  it  has  a  high  moisture  holding 
capacity and is softer (Payne et al., 2000). Barley straw was used as bedding and wheat 
straw was used in the diet. The nutritional differences between the two types of straw 
are small though wheat straw is less fermentable than barley straw (72% NDF and 46% 
ADF for wheat straw versus 84% NDF and 51% ADF for barley straw) (Ewing, 1997; 
Sauvant et al., 2002). However it was likely that this difference was reduced by the 
processing of the wheat straw into the diet (pelletising) as smaller particle size can 
improve the utilisation (that is fermentability) of fibre by growing pigs (Calvert, 1991).   
 
Overall it can be concluded that straw, via its fibrous properties and/or its physical 
thermal  properties,  alters  growth  of  pigs  which  can  impact  on  lipogenesis  and  fat 
distribution and therefore may explain some of the differences in growth and carcass 
found between pigs raised in C and DL production systems.   
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CHAPTER 6 
 
 
General Discussion 
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The general purpose of this thesis was to address the current industry issue of variability 
in carcass fat distribution and establish the contribution of C and DL housing systems to 
this variability. The current industry view that pigs finished in DL systems are fatter and 
less efficient than pigs finished in C housing systems (Payne et al., 2001; Kruger et al., 
2006) was also addressed. The presence of straw is a major difference between the C 
and DL housing environments and was identified as a possible contributor to variability 
in growth and performance of pigs. The general hypotheses tested in this thesis were 
that:  
1)  The growth path differs for pigs raised in C and DL housing systems, affecting 
biochemical  indicators  of  fat  metabolism  and  therefore  fat  accretion  and 
distribution in the carcass.  
2)  Moving pigs from DL to C housing during the grower period results in improved 
overall growth performance and reduced carcass fatness compared to pigs raised 
in DL housing from wean-to-finish. 
3)  The  presence  of  straw  will  alter  the  growth  paths  of  pigs  affecting  fat 
distribution in the finished carcass, particularly by reducing the level of fat in the 
belly  primal,  compared  to  pigs  that  do  not  have  access  to  straw  during  the 
grower-finisher period.  
 
6.1 Fat metabolism in conventional and deep-litter housed pigs 
The biochemical measures of the activity of key enzymes involved in lipogenesis, FA 
profile and concentrations of plasma metabolites indicated that at various times during 
growth, from 3-35 weeks of age in Experiment 1a, and 3-24 weeks of age in Experiment 
2a, fat metabolism differed between C- and DL-housed pigs. Both studies indicated that 
the rate of lipogenesis was lower in young (7 and 13 weeks of age) DL pigs compared 
to young C pigs. Simultaneously, elevated concentrations of plasma NEFA, a reliable 
indicator of fat mobilisation (Dunshea et al., 2000), indicated that there was a higher 
rate of lipolysis in young DL pigs. These results suggest that young DL pigs had less fat 
in the carcass than young C pigs. Several authors have hypothesised that young pigs in 
DL systems have greater energy requirements for thermoregulation in response to the 
more variable and, at times, cooler ambient environment compared to the C system 
(Matte,  1993;  Bee  et  al.,  2004,  Honeyman,  2005).  As  a  consequence  of  increased 
energy  demand  for  thermoregulation,  there  may  be  less  substrate  available  for 
lipogenesis and there may be an additional requirement for energy to be mobilised from 
existing fat depots.   
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Biochemical measures indicated that lipogenesis occurred at a higher rate in fat tissue 
from older DL pigs (≥24 weeks of age) in Experiment 1a compared to C pigs of the 
same age. In contrast, results from Experiment 2a indicated that fat tissue from 24-
week-old pigs finished in DL had a lower rate of lipogenesis than C finished pigs. The 
different  results  in  Experiments  1a  and  2a  were  most  likely  caused  by  seasonal 
differences  in  ambient  temperature  at  the  time  the  experiments  were  conducted. 
Temperatures were lower during Experiment 2a compared to Experiment 1a (Appendix 
2) that would have resulted in higher energy requirements of pigs in Experiment 2a for 
thermoregulation, leaving less energy available for fat deposition and therefore a lower 
rate of lipogenesis in fat tissue.  
 
Despite  the  differences  in  the  indicators  of  lipogenesis  between  older  pigs  in 
Experiments  1a  and  2a,  the  concentrations  of  plasma  NEFA  or  glycerol  were 
consistently higher in DL pigs, indicating higher levels of fat mobilisation. In addition 
to  the  higher  requirements  for  energy  for  thermoregulation,  pigs  housed  in  cool 
environments have enhanced lipid metabolism, therefore a greater rate of FA turnover 
compared to pigs housed in a thermoneutral environment (Le Dividich et al., 1998).  
 
Localised effects of housing treatment on the biochemical measures of lipogenesis in 
Experiment 1a indicated treatment differences in the accretion of fat between belly fat 
and  backfat  depots.  A  lower  ratio  of  SFA  in  belly  fat  from  13-week-old  DL  pigs 
compared to C pigs was indicative of altered fat metabolism. De novo FA synthesis 
produces SFA, whereas when a greater proportion of pre-formed FA (dietary origin) are 
incorporated into triglycerides then the ratio of UFA in tissue increases (Fuller et al., 
1974).  In  addition,  belly  fat  from  the  same  DL  pigs  had  lower  lipogenic  enzyme 
activities and smaller adipocyte diameters, indicating that less fat was deposited in the 
belly compared to C pigs. In contrast and at 35 weeks of age, the belly fat of DL pigs 
had a higher ratio of SFA and larger adipocyte diameter, showing fat deposition was 
greater in the belly of DL pigs than C pigs. Fat deposition in the belly occurs later 
during growth, relative to the other carcass primals (D’Souza et al., 2004), therefore in 
older pigs belly composition is sensitive to changes in fat metabolism. The apparent 
VFI of DL pigs in Experiment 1a between 13-35 weeks of age was 300-600  g/day 
higher  than  that  of  C  pigs.  It  is  probable  that  elevated  energy  intake  explained  the 
increased fat deposition in the belly of DL pigs.   
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Adipocyte diameter was larger in the backfat of DL pigs in Experiment 1a and this was 
accompanied by elevated lipogenic enzyme activity, suggesting a greater level of fat 
deposition at this site compared to C pigs. The results support the industry perception 
and a number of studies showing that backfat depth is higher in DL-housed pigs (Payne 
et al., 2000; Gentry et al., 2002b, Honeyman and Harmon, 2003; Honeyman, 2005). In 
contrast,  results  from  Experiment  2a  indicated  no  differences  in  lipogenesis  within 
backfat tissue of pigs raised from wean-to-finish in C or DL housing systems or pigs 
weaned  into  DL  and  finished  in  C  housing.  In  addition,  results  suggested  that 
lipogenesis was lower in the backfat and belly fat tissue of pigs that were weaned into C 
housing and finished in DL housing. It was hypothesised that pigs finished within the 
same  housing  environment  would  have  similar  levels  of  lipogenesis  in  fat  tissue. 
However, the change in the thermal and physical environment of pigs moved from C to 
DL  housing  would  have  significantly  increased  maintenance  energy  requirements, 
because of the cooler ambient temperatures and increased levels of physical activity, 
therefore reducing substrate availability for lipogenesis.  
 
6.2 Effects of deep-litter and conventional housing on growth performance  
The  disparate  physical,  thermal  and  social  environments  of  the  two  pig  production 
systems  studied  in  this  thesis  cause  large  differences  in  the  growing  pig’s  energy 
requirement for maintenance and physical activity, affecting the energy available for 
growth and therefore the efficiency of gain. This is because 1) ambient temperature is 
highly  variable  in  a  DL  environment  (seasonally  and  diurnally)  compared  to  the  C 
housing environment, resulting in a higher requirement of energy for thermoregulation; 
2) large group sizes, characteristic of DL systems, can result in higher levels of social 
stress (Morrison et al., 2003) and; 3) pigs in DL systems are more physically active, in 
response to the enriched environment (bedding) (Lyons et al., 1995; Beattie et al., 1996; 
Beattie et al., 2000) and increased available space (Morrison et al., 2003; Gentry et al., 
2002c).  
 
The growth paths of pigs raised in C and DL housing were a reflection of the patterns 
established for lipogenesis. Deep-litter pigs in Experiment 1(b) had lower growth rates, 
and consequently lower LW, from 3 to 20 weeks of age compared to C pigs. Growth 
rates were similar for pigs in C and DL housing treatments from 3-13 weeks of age in 
Experiment 2b, but the DL pigs were less efficient. The results concur with the general  
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industry  perception  of  poorer  growth  efficiency  in  DL  pigs,  however  the  findings 
contrast with the industry view that weaner pig growth can be improved in the DL 
environment (Payne, 2004; Pope, 2001; Kruger et al., 2006).  
 
As a consequence of the effects of low ambient temperature on pig growth performance, 
pig performance in DL systems follows a seasonal pattern (Honeyman and Harmon; 
2003; Gentry et al., 2002b). In particular, the performance of young pigs can be affected 
by season because the range of temperatures in which their zone of thermal comfort lies 
(and therefore energy expenditure for thermoregulation is minimal) is higher than for 
older, heavier pigs. During the cooler months it is probable that there are significant 
periods where ambient temperature does not meet the requirements of the young pig and 
growth efficiency is reduced.  
 
Moving pigs to an unfamiliar housing environment at 13 weeks of age in Experiment 2b 
resulted in a significant reduction in growth for several weeks after the change. Lower 
LW at slaughter (24 weeks of age) indicated that these pigs did not completely recover 
from the previous growth check. The movement of pigs into unfamiliar environments 
can cause a temporary stress response that can manifest as a reduction in growth and 
performance (del Barrio et al., 1993). Growth rates and therefore LW were depressed 
further in pigs moved from C to DL housing than in pigs moved from DL to C housing. 
Again, this is likely to have been because pigs moved from C to DL housing were not 
acclimatised  to  cooler  temperatures  therefore  there  would  have  been  a  significant 
increase in the energy demand for thermoregulation. In addition there would be further 
energy demand for increased physical activity. Conversely, after the initial reduction in 
growth rate, the energy expenditure for thermoregulation and activity of pigs moved 
from DL to C housing would have been lower than when housed in the DL system, 
leaving  additional  energy  available  for  fat  deposition.  Over  the  entire  experimental 
period, pigs in Experiment 2b that were weaned into C facilities and finished in DL 
facilities were the most efficient and the leanest, however the benefits were negated by 
significantly lower LW at slaughter.  
 
6.3 Effects of deep-litter and conventional housing on carcass quality 
The differences detected in lipogenesis and fat mobilisation between DL and C pigs 
during  growth  were  generally  not  reflected  in  total  carcass  composition.  Enzyme 
activities  and  plasma  metabolite  concentrations  indicated  the  current  status  of  fat  
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metabolism in pigs at the time of sampling, however carcass composition and fat tissue 
characteristics (FA profile, cell diameter) reflected the past status of fat metabolism. 
Nonetheless,  differences  in  composition  were  detected  within  individual  carcass 
primals, indicating  an effect of housing on fat distribution.  Furthermore, the rate of 
carcass fat accretion in DL and C pigs in Experiment 1b was similar to about 20 weeks 
of age, after which fat accretion accelerated in DL pigs, occurring predominantly in the 
loin and belly primals.  
 
In agreement with the biochemical results in Experiments 1a and 2a, there was less fat 
in the belly primals of 13-week-old DL pigs in Experiment 1b and in the loin of 13-
week-old DL pigs and the belly of 24-week-old DL finished pigs in Experiment 2b. 
Higher ratios of SFA and larger adipocyte diameters in the belly fat of 35-week-old DL 
pigs in Experiment 1a resulted in more fat in the belly primal compared to C pigs of the 
same age. The difference in loin composition of 13-week-old pigs in Experiment 2b was 
reflected in P2 backfat depth, however there were no further treatment differences in P2 
for pigs in Experiments 1b and 2b at any other slaughter age.  
 
Weaning  pigs  into  a  DL  system  and  then  finishing  them  in  C  housing  enables  the 
producer to take advantage of the perceived growth and health benefits of DL housing 
for young pigs (Payne, 2004; Pope, 2001; Kruger et al., 2006), while the C facilities 
allow  growth  performance  and  backfat  to  be  managed  in  older  pigs  by  allowing 
flexibility in feeding and marketing decisions. The finishing housing environment had a 
greater impact on carcass composition than the weaner-grower housing environment in 
Experiment 2b. Contrary to the hypothesis that DL-finished pigs would be fatter, the 
carcasses  from  DL-finished  pigs  were  leaner  than  carcasses  from  C-finished  pigs, 
however the difference was not indicated by differences in P2 depth. The composition 
of the loin and ham primals did not differ between treatments, however there was less 
fat in the belly and shoulder primals of DL-finished pigs. Unexpectedly, pigs weaned 
into the DL system and finished in C housing were the least efficient and the fattest of 
all  treatment  groups,  contesting  the  hypothesis  and  the  purpose  of  the  management 
strategy that pigs finished in DL would be fatter than pigs finished in C housing. The 
increase in carcass fatness is likely to be in response to reduced energy requirements for 
thermoregulation and activity, once pigs had entered the C housing environment, in 
conjunction  with  sustained  elevated  food  intake  levels  (established  earlier  to  meet  
  279 
increased energy demands when housed in the DL environment), resulting in greater 
energy availability for fat deposition compared to pigs in the other treatment groups. 
 
6.2 The presence of straw 
Experiments  3a  and  3b  were  conducted  in  response  to  the  consistent  results  found 
between DL- and C-housed pigs in Experiments 1a, 1b, 2a and 2b. In the previous 
experiments, biochemical measures of fat  metabolism indicated that lipogenesis was 
lower  in  young  DL-housed  pigs  and,  during  growth,  carcass  fat  distribution  varied 
between C- and DL-housed pigs whereby fat content was lower in the belly of DL pigs. 
It was hypothesised that the presence of straw, via its thermal effects as bedding and via 
the effects of ingestion, contributed to the differences found in growth and in the carcass 
between C and DL pigs.  
 
In  an  attempt  to  separate  the  effects  of  straw  per  se  from  the  other  environmental 
differences  between  C  and  DL  housing  systems,  all  pigs  were  C-housed.  Then,  to 
separate the physical effects of straw from the effects of its ingestion, pigs had either 1) 
no access to straw, 2) straw bedding, 3) were fed a diet containing straw but had no 
bedding, or 4) had straw bedding and were fed the straw diet. Similarities between a 
number of biochemical, growth and carcass measures for pigs fed the diet containing 
9% straw and pigs housed on straw bedding confirmed that pigs consumed bedding and 
that this had an impact on the physiology of the growing pig. Contrasting the hypothesis 
that pigs ingesting straw would have less fat in the belly, the biochemical measures 
suggested increased lipogenesis in belly fat and backfat of pigs fed the diet containing 
straw.  Furthermore,  plasma  acetate  concentrations,  a  precursor  for  de  novo  FA 
synthesis, were elevated in pigs fed the diet containing straw, in response to increased 
hind-gut  fermentation  stimulated  by  higher  levels  of  DF.  Higher  concentrations  of 
plasma acetate in pigs housed on bedding and fed the control diet, compared to pigs 
without straw, further indicated that pigs had consumed the bedding. A physical effect 
of bedding on localised fat metabolism was demonstrated by lower ratios of SFA in 
belly  fat  of  pigs  housed  on  bedding  compared  to  pigs  without  bedding.  Reduced 
SFA:UFA suggests a reduction in de novo FA synthesis, possibly indicating a shift in 
the deposition of fat from the belly site. 
 
Pig housed on straw bedding had higher growth rates and therefore higher LW and CW. 
The nutritive value of cereal straw is very low (Chabeauti et al., 1991; Schrama and  
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Bakker, 1999; Noblet and Le Goff, 2001), therefore the ingestion of straw would not 
have provided an additional energy source to pigs. However, pigs on straw bedding may 
have had a greater amount of energy available for growth via a reduction in energy 
requirements for thermoregulation. Conductive heat loss may represent 20-25% of the 
animal’s total heat loss (Close, 2002) and the thermal conductivity of straw is lower 
than concrete (λ = 0.38 vs 5.24 respectively, Uzunova and Koleva, 2005), hence in the 
same ambient environment, pigs housed on straw bedding would lose less body heat to 
the floor than pigs housed on concrete. In a cool environment straw bedding conserves 
the amount of energy required for thermoregulation.  
 
In agreement with the preceding experiments, pigs with access to straw had less fat in 
the  belly  and  this  may  be  explained  by  the  effects  of  straw  ingestion  on  nutrient 
availability or via the direct physical thermal effects of the bedding. High DF intake can 
influence digestion and result in a reduction in the absorption of other nutrients. In 
addition,  the  efficiency  of  energy  utilisation  is  reduced  because  greater  amounts  of 
bacterially derived energy and protein are excreted via the faeces (Just, 1982; Bach 
Knudsen and Hansen, 1991; Noblet and Le Goff, 2001). Since the deposition of fat in 
the belly occurs later during growth (D’Souza et al., 2004), a dilution in energy intake 
as a consequence of the ingestion of straw would have a greater impact on fat deposition 
in  the  belly  compared  to  the  other  carcass  primals,  particularly  during  the  finisher 
period. There may have been a direct physical effect of straw bedding on fat deposition 
in the belly because, as discussed earlier, the nature of the floor determines the extent of 
heat  loss.  Fat  plays  a  significant  role  in  thermal  insulation  and  environmental 
temperature has been shown to directly influence the distribution of fat in the growing 
pig (Sugahara et al., 1970; Lefaucheur et al., 1991; Rinaldo et al., 2000; Kouba et al., 
2001) in order to conserve or facilitate heat loss. Approximately 20% of the animal’s 
body  can  be  in  contact  with  the  floor  (Close,  2002)  and  consequently,  in  a  cool 
environment, pigs housed on bedding would have a lower requirement, compared to 
pigs housed on concrete, for fat in the belly to insulate against conductive heat loss.    
 
6.3 Major outcomes of my Thesis 
A number of other issues were highlighted by the results of this thesis. A current issue 
facing the Australian pork industry is over-fat bellies in carcasses selected for export to 
Asian markets (D’Souza et al., 2004; Suster et al., 2005). A primary carcass selection 
tool is P2 backfat depth. In this thesis P2 explained a relatively large proportion of  
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variance in percent carcass fat and percent belly fat when experiments were analysed by 
regression separately, however when data were combined across all experiments the 
relationship between P2 depth and percent carcass fat and P2 depth and total belly fat 
was found to be poor (Figure 6.1; Figure 6.2), highlighting the need for the development 
of other criteria to be used in the selection of carcasses for specific markets. Regressions 
of P2 and percent belly fat data from C and DL pigs were poor (Figure 6.3) which is in 
agreement  with  studies  by  Chang  et  al.  (1996),  however  the  linear  regressions 
confirmed a lower percentage of fat in the belly of DL pigs. 
 
Fat accretion increased rapidly in the loin and belly of DL-housed pigs at heavy LW in 
Experiment 1b. This may pose an issue if there is a move by the industry to increase 
average slaughter weights in order to improve production and processing efficiencies. If 
pigs are  grown to heavy  weights in DL production systems, then carcasses  may be 
excessively fat.  
 
There  were  consistent  findings  in  Experiments  1b  and  2b  of  higher  bone  and 
reproductive  tract  weights  in  DL  housed  pigs.  This,  in  conjunction  with  increased 
fatness of heavy weight DL pigs, may indicate an advantage in raising replacement 
breeding  gilts  in  DL  systems.  The  body  condition  of  the  gilt  at  first  mating  has  a 
significant effect on lifetime performance (Close and Cole, 2000) because body reserves 
act  as  a  buffer  against  inadequate  nutrition  during  lactation.  Leg  problems  are  a 
common reason for culling sows from the breeding herd (Close and Cole, 2000), and 
the heavier bone weights found for the DL pigs in Experiments 1b and 2b may indicate 
increased bone density and therefore greater bone strength. In addition to increasing the 
longevity of pigs within the breeder herd, breeder performance may also be enhanced 
when gilts are reared in DL housing. Increased reproductive tract weights in DL pigs 
may indicate earlier onset of puberty, therefore at the same LW or age as C pigs, the 
reproductive organ may be better developed at the time of first mating.  
 
6.4 Conclusions 
Overall  the  studies  presented  in  this  thesis  comparing  the  effects  of  DL  and  C  pig 
production  systems  on  pig  growth  and  fat  accretion  supported  the  underlying 
hypotheses. Pigs raised in C and DL housing systems have different growth paths and 
differences  in  fat  metabolism  during  growth,  resulting  in  altered  fat  deposition  and 
consequently differences in carcass fat distribution.   
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Figure  6.1  Regression  between  P2  backfat  depth  and  percent  carcass  fat  for  24-week-old  pigs  (all 
treatments) in Experiments 1b, 2b and 3b. (Y=0.6839x + 10.52; R
2=0.408; SE = 4.30) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Regression between P2 backfat depth and percent fat in the belly primal for 24-week-old pigs 
(all treatments) in Experiments 1b, 2b and 3b. (Y=0.423x + 24.43; R
2=0.013; SE = 5.37) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Regression between P2 backfat depth and percent fat in the belly primal for 24-week-old pigs 
housed conventionally or on deep-litter (wean-to-finish) in Experiments 1b, 2b and 3b.  (C: Y=0.370x + 
27.63; R
2=0.010; SE = 5.67; DL: Y=0.484x + 20.97; R
2=0.029; SE = 3.47) 
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The conclusions drawn from the interpretation of results are: 
1)  The  growth path of pigs is altered by the housing system in which they are 
reared. During the first weeks after weaning, pigs housed in DL systems can 
have  poorer  growth  performance  and  this  may  be  related  to  greater  energy 
requirements for thermoregulation in response to variable ambient temperature.  
2)  As a consequence of the altered growth paths, fat metabolism differed for pigs 
raised in DL and C production systems. Biochemical measures indicated lower 
rates of lipogenesis in DL pigs compared to C pigs in early growth, but this 
changes  as  pigs  grow.  Despite  changes  to  lipogenesis,  fat  mobilisation  was 
higher in DL pigs throughout growth.  
3)  Differences in the rate of lipogenesis, indicated by the biochemical measures, 
were generally not reflected in total carcass composition, however there were 
differences  in  carcass  fat  distribution  where  pigs  raised  in  the  DL  system 
consistently had less fat in the belly primal.  
4)  Straw bedding, via ingestion and via its physical thermal properties, affects pig 
growth and fat distribution in the carcass and may help to explain the differences 
found between C and DL housing systems.  
  
Findings  that  arose  from  this  thesis  which  may  be  useful  to  the  pig  industry  and 
therefore warrant further investigation include:   
1)  A wider assessment of belly primal composition between pigs finished in C and 
DL production systems to determine if the effects of housing on fat distribution 
and  belly  composition  found  in  this  thesis  occur  under  more  commercial 
conditions. If pigs housed in DL systems have leaner bellies then consideration 
of the housing environment may provide an additional criterion for selection of 
carcasses  for  different  markets,  and  in  particular  may  assist  in  meeting  the 
requirements of the Singapore market for lean belly primals.  
2)  The efficacy of weaning pigs into a DL system and finishing them in a C system 
at improving growth performance and reducing backfat (P2) thickness relative to 
pigs finished in a DL system needs further investigation.    
3)  The quantification of bedding consumption and its effects on growth and carcass 
are required. In addition, it is recommended that the effect of higher fibre diets 
on  belly  primal  composition  is  quantified  as  the  manipulation  of  DF  may 
provide an additional tool to manipulate fat distribution in the carcass.  
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Appendix 1a. Concurrent ambient temperatures outdoors and in deep-litter and conventional pig housing facilities at Medina Research 
Centre (October 2003).
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Appendix 1b. Concurrent ambient temperatures outdoors and in deep-litter and conventional pig housing facilities at medina Research 
Centre (December 2003). 
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Appendix 2a. Average daily minimum and maximum ambient temperatures at Medina Research Centre during Experiment 1a/b.  
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Appendix 2b. Average daily minimum and maximum ambient temperatures at Medina Research Centre during Experiment 2a/b.   
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Appendix 2c. Average daily minimum and maximum ambient temperatures at Medina Research Centre during Experiment 3a/b.   
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Appendix 3. 
Space allowance / pig 
 
Experiment 1 
  Conventional  Deep-litter  Code of Practice* 
Live weight (kg)  No. pigs/pen  Space/pig (m
2)  No. pigs/pen  Space/pig 
(m
2) 
Minimum allowance 
(m
2/pig) 
6  10  0.768  72  1.35  0.11 
15  10  0.768  70  1.38  0.18 
29  9  0.853  62  1.57  0.32 
46  8  0.959  56  1.73  0.44 
65  7  1.097  48  2.02  0.56 
92  6  1.280  40  2.43  0.65 
117  5  1.536  32  3.04  0.74 
128  4  1.920  24  4.05  1.4 
155  3  2.560  16  6.07  1.4 
186  2  3.840  8  12.15  1.4 
*Model Code of Practice for the welfare of animals - pigs (2007) Published by CSIRO 
Australia. 
 
Experiment 2 
  Conventional  Deep-litter  Code of Practice 
Live weight (kg)  No. pigs/pen  Space/pig (m
2)  No. pigs/pen  Space/pig 
(m
2) 
Minimum Allowance 
(m
2/pig) 
5.5  10  0.768  10  4.64  0.11 
47  10  0.768  10  4.64  0.44 
51  8  0.959  8  5.80  0.44 
119  8  0.959  8  5.80  0.74 
 
Experiment 3 
Live weight (kg)  No. pigs/pen  Space/pig (m
2) 
Code of Practice 
Minimum Allowance  
(m
2/pig) 
16  6  1.28  0.18 
54  6  1.28  0.44 
112  6  1.28  0.74 
 
 